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Abstract
Large scale observations of the Universe have highlighted that a galaxy’s
mass, morphology, and environment are all key factors in a galaxy’s evolu-
tion. To what extent each of these contribute however, is still an openly
debated question.
In this thesis, I attempt to address the aforementioned question providing
original research based on a sample of galaxies gathered from the MaNGA
IFU survey. Stellar population properties are derived from the data using a
newly developed full spectral fitting code, FIREFLY, and state of the art
stellar population models. A number of tests using mock galaxies, globular
clusters and data from the SDSS DR7 are conducted with FIREFLY in
an attempt to assess the codes ability to accurately recover stellar popu-
lation properties and star formation histories. FIREFLY recovers galaxy
properties reliably down to S/N ≥ 5 and S/N ≥ 10 for mock galaxies with
both simple and complex star formation histories, respectively. The ages
and metallicities derived for globular clusters and galaxies from the SDSS
are in good agreement with determinations from colour-magnitude diagram
fitting, stellar spectroscopy and other full spectral fitting codes.
FIREFLY is then applied to MaNGA data enabling three scientific anal-
yses to be conducted. First, I construct a value added catalogue based on
the spatially resolved stellar population properties of MaNGA galaxies, de-
rived from both FIREFLY and absorption line-strength indices. Secondly,
I investigate the dependence of light- and mass-weighted stellar population
properties, and their radial gradients, on galaxy mass and morphology. Full
star formation and metal enrichment histories are reconstructed, and the im-
pact of different stellar population models and full spectral fitting routines
iv
on the derived properties is quantified. Light-weighted age gradients are
found to be flat for early-type galaxies, and negative for late-type galaxies
(∼ − 0.11 dex/Re), suggesting an ‘inside-out’ formation of discs. Mass-
weighted age gradients of early-types are positive (∼0.09 dex/Re) pointing
to an ‘outside-in’ progression of star formation. Negative metallicity gradi-
ents are detected for both morphological types, but these are significantly
steeper in late-types. Metallicity gradients correlate with galaxy mass, with
negative gradients becoming steeper with increasing mass. The correlation
is stronger for late-types, with a slope of d(∇[Z/H])/d(log M)∼− 0.2± 0.05,
compared to d(∇[Z/H])/d(log M)∼ − 0.05 ± 0.05 for early-types. Lastly,
I study the effect of galaxy environment on the derived stellar population
gradients using three complementary measures of environment, namely the
Nth nearest neighbour method, the tidal strength parameter, Q, and distin-
guishing between central and satellite galaxies. In all cases, no significant
correlation between the gradients and environment is found, both at fixed
galaxy mass, and for both morphologies.
The scientific analysis presented in this thesis suggests that the cumula-
tive merger history of galaxies plays a relatively small role in shaping their
metallicity gradients and that internal processes, such as supernova and AGN
feedback, matter most to the determination of stellar population gradients.
These results set stringent constraints on future models of galaxy formation
and evolution.
v
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Chapter 1
Introduction
One of the most perplexing problems in modern astrophysics and cosmology
is the formation and evolution of galaxies. For many years, mankind has ob-
served the light from these dynamically bound ‘islands’ and postulated how
they came into existence. Our current understanding of the formation and
evolution of the Universe has been built on many years of cosmological study.
From modern cosmological observations of the cosmic microwave background
(CMB) (Hanany et al., 2000), large scale structure (LSS) (Percival et al.,
2001), and supernovae (SNe) (Riess et al., 1998; Perlmutter et al., 1999), we
have now established that our Universe is made up of 4.9% ordinary baryonic
matter, 26.8% cold dark matter (CDM) and 68.3% dark energy (Λ, Planck
Collaboration et al., 2016). The current paradigm for the formation and
evolution of the Universe, known as ΛCDM (White & Rees, 1978; Davis et
al., 1985), postulates that following a hot ‘Big Bang’ (Gamow, 1946), a pe-
riod of exponential growth known as ‘inflation’ occurred (Guth, 1981) which
produced the homogenous and isotropic surroundings we see today. CDM
particles collapsed under their own self gravity to form dark matter halos,
these halos then merged and deepened the gravitational potential. Baryonic
matter accreted in these halos and produced the primordial seeds of galaxies.
Galaxies then grow via hierarchical merging, in which small objects collapse
under gravity and merge continuously to form larger and larger objects.
Understanding how these structures truly formed and evolved through
cosmic time to become the galaxies we see today is still an open question.
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Observations of the high and low redshift Universe have enabled us to map
the distribution of galaxies (Blanton et al., 2017), provided us with con-
straints on galaxy formation timescales (Thomas et al., 2010), and shed
light on factors driving galaxy evolution (Peng et al., 2010). The latter is
still a controversial topic in astrophysics, with disparate studies suggesting
that a galaxy’s morphology, mass or its environment is the dominant factor.
In recent years, advancements in both the quality and quantity of observa-
tional data, such as the development of integral field spectroscopy (IFS),
have allowed unprecedented insights into the content of galaxies. These
observations, coupled with state of the art galaxy modelling techniques of
stellar populations (Bruzual & Charlot, 2003; Maraston, 2005; Maraston &
Strömbäck, 2011; Conroy & van Dokkum, 2012), provide exciting opportu-
nities to decipher and understand the dominant evolutionary processes in
galaxies over cosmic time.
The opportunities for scientific insight are clear. In this thesis, I present
original research investigating how the spatial properties of stellar popu-
lations inside galaxies, such as their age and metallicity, depend on im-
portant evolutionary drivers, such as the galaxy’s mass, morphology and
its environment. I do this by using the largest IFS survey in the world,
MaNGA (Mapping Nearby Galaxies at Apache Point Observatory, Bundy
et al., 2015), which is part of the fourth generation of the Sloan Digital Sky
Survey (SDSS). The statistical power of the survey allows me to unbias-
edly compare the properties of galaxies over a broad spectrum of masses,
morphologies and environments. This will hopefully lead to better under-
standing of the formation of galaxies, and the internal and external processes
that shape their evolution. In order to put the necessary context to my re-
search, I introduce a number of topics in this Introduction. In Section 1.1, I
provide a brief history of the Universe, describing how the initial conditions
for galaxy formation were put in place. In Section 1.2, I review the field of
extragalactic astronomy, and discuss the methods used to obtain observa-
tional data of galaxies. Section 1.3 describes the basic principles of galaxy
formation and evolution in a ΛCDM framework. In Section 1.4, I discuss
the results of a number of observational studies, explaining how these have
provided insight into the formation and evolution of galaxies. Section 1.5
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provides an overview of the stellar population gradients predicted by a range
of galaxy formation and evolutionary scenarios. In Section 1.6, I describe
the development of modern observations and discuss the motivations for my
work. Lastly, in Section 1.7 I describe the outline of each of the chapters in
this thesis.
1.1 The Universe In A Nutshell
Observations of the Universe have established that it is expanding (Hubble,
1929), and pervaded by microwave photons (Penzias &Wilson, 1965), hinting
that it must have been smaller, denser and hotter at earlier times. We also
know that the abundance of the lightest elements, such as hydrogen and
helium, were determined at very early stages in the Universe (Gamow, 1946).
By this logic, and extrapolating back to the beginning of the Universe at time
t0, we can infer that there must have been a singularity in which the Universe
was born. This is known as the hot ‘Big-Bang’ model (Lemaître, 1931;
Gamow, 1946). Following the hot Big Bang, the Universe consisted of a hot,
dense and isotropic plasma. Roughly 10−43 s after the Big Bang, the energy
of the Universe was very high (∼1019 GeV) and the fundamental forces of
nature, gravity, electromagnetism, the strong, and weak nuclear forces, were
coupled. Quantum fluctuations in these fields created virtual particle-anti-
particle pairs, which lasted for a very short time before annihilating with
one another. At t∼10−30 s after the Big Bang, a process known as ‘inflation’
occurred (Guth, 1981; Linde, 1982; Albrecht & Steinhardt, 1982) causing the
Universe to expand by more than 60 e-foldings, resulting in the de-coupling of
virtual particle-anti-particle pairs outside of the horizon. Following inflation
and due to the accelerated expansion, the energy of the Universe decreased
and the fundamental forces decoupled. Symmetry breaking led to the decay
of quantum fields into particles. The Universe then continued to expand but
at a significantly slower rate.
Fundamental particles that were formed out of the decaying fields, such
as quarks and gluons, combined around t∼10−6 s after the Big Bang to form
the first baryons. A small excess in quarks over anti-quarks led to a surplus
of baryons, the cause of which is not understood. The temperature of the
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Universe at this point was not high enough to form baryon-antibaryon pairs
due to the expansion, leading to a process of annihilation that left just 1 in
1010 of the original protons and neutrons, and none of their anti-particles.
The process of annihilation also happened for leptons at around t∼1 s, due to
their lower mass. Subsequently, the Universe was left full of non-relativistic
protons, neutrons and electrons, and an energy density dominated by gamma
radiation. An asymmetry between the number of protons and neutrons was
produced, and neutrinos free streamed away due to their low cross section
meaning that further particles interactions became unlikely. Neutrons decay
quickly if they are not bound up in atoms, so most combined with protons
to form deuterium (∼25% of the total mass abundance), and the excess pro-
tons became the nuclei of hydrogen (∼75% of the total mass abundance).
Subsequent combinations of deuterium led to the negligible production of
heavier elements, such as helium and lithium. This process, known as ‘Big
Bang Nucleosynthesis (BBN)’, happened approximately 3-20 minutes after
the Big Bang. The Universe then became too cold to sustain further inter-
actions and was dominated by radiation for roughly 70,000 years after BBN
until matter-radiation equality was reached.
At this point, the Universe was opaque due to strong interactions between
photons and baryons forming an ionised plasma. Fluctuations in the local
density field led to over dense and under dense regions. Dark matter particles
responded to gravity at this stage and accumulated in over dense regions
forming small dark matter halos (Blumenthal et al., 1982; Peebles, 1982).
Baryons collapsing into over dense regions were subjected to an outward
radiative pressure that propagated like a sound wave in the plasma, known
as baryon acoustic oscillations (BAO). As the Universe continued to expand,
the plasma cooled to a low enough energy such that electrons and protons
in the plasma could combine to form neutral hydrogen and helium atoms,
in a process known as ‘recombination’. As photons interact less strongly
with neutral matter, the Universe became transparent and allowed photons
to stream freely through the Universe, producing the Cosmic Microwave
Background (CMB) which we see today. At recombination, photons from
hotter, denser regions of the plasma were more energetic, and this difference
is frozen into the CMB temperature anisotropies (Smoot et al., 1992; Spergel
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Figure 1.1: Schematic outlining the evolutionary history of the Universe as
described in Section 1.1. The Figure highlights the most significant time-
frames and events over the past 13.7 billion years. This image was taken
from the NASA/WMAP Science Team.
et al., 2003; Planck Collaboration et al., 2016). The period between 380,000
years to 200 Myr after the Big Bang, between the formation of the first
atoms and the birth of the first stars, is known as the ‘dark ages’. As
the Universe expanded further, the gravitational attraction of dark matter
caused baryonic matter to embed within the dark matter halo and collapse,
starting the process of nuclear fusion and subsequently forming stars. The
radiation from these primordial stars reionized the predominantly neutral gas
permeating the Universe at 400 Myr after the Big Bang (Zaroubi, 2013). At
roughly 1 Gyr after the Big Bang, large volumes of collapsing matter led to
the formation of larger, gravitationally bound objects, which subsequently
produced the galaxies we observe today. Approximately 9 Gyr after the
Big Bang, the Universe entered an era where its energy density became
dominated by a mysterious form of dark energy. This peculiar repulsive
force has led to the ongoing accelerated expansion of the Universe (Riess
et al., 1998; Perlmutter et al., 1999; Riess et al., 2004, 2016). A visual
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representation of the key phases of the evolution of the Universe is provided
in Figure 1.1. In the next Section, I will provide an historical overview of
extragalactic astronomy and discuss the modern observational techniques
used to observe galaxies.
1.2 Extragalactic Astronomy
Mankind has been fascinated with the night sky for thousands of years,
however it was not until the end of the 19th century that astronomers began
to discover large numbers of astronomical objects that differed from stars.
These so called ‘nebulae’, were observed as fuzzy blobs in the sky, as op-
posed to the point-like sources of stars. Many observers at the time believed
nebulae were objects inside the Milky Way. In the mid 1920s, Edwin Hubble
used variable stars to demonstrate that the nebulae were in fact, extragalac-
tic objects (Hubble, 1926). In the same paper, he classified the images of
these galaxies into the famous ‘Hubble sequence’, which can be seen in Fig-
ure 1.2. From this sequence, it was established that there are two main types
of galaxy that permeate the Universe, namely Elliptical (E) and Spiral (S)
galaxies. The separation between objects in Figure 1.2 is based on their
shape. For Ellipticals (left-hand side), the successive number indicates the
ellipticity of a galaxy based on the ratio between the length of its major and
minor axis, with 0 and 7 describing minimal and maximal elongation, re-
spectively. For Spirals (right-hand side) the letter represents the ‘tightness’
of the spiral arm structure, with a and c describing tight and loosely wound
arms, respectively. There is also an intermediate class of galaxy between El-
lipticals and Spirals called Lenticulars (S0), and a fourth classification called
Irregular galaxies which are not seen in Figure 1.2. Irregular galaxies have
no clear structure and/or are incredibly small in size. Ellipticals/Lenticulars
and Spirals/Irregulars are known as early- and late-type galaxies due to their
positions on this diagram. The diagram is still regularly used today in citizen
science projects such as the Galaxy Zoo (Lintott et al., 2008), and I use the
distinction between early- and late-type galaxies in the analysis presented in
Chapters 4 and 5.
Since Hubble’s time, astronomers and astrophysicists have made a tremen-
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Figure 1.2: An image representing the morphological classifica-
tion developed in Hubble (1926). This image was taken from
the webpage, http://www.universetoday.com/50428/dark-energy-model-
explains-hubble-sequence-of-galaxies/.
dous amount of progress in the way we observe electromagnetic radiation
from galaxies in the night sky and use it to derive galaxy properties. An ef-
fective way of gathering information from a galaxy is by obtaining its spectral
energy distribution (SED), using either photometry or spectroscopy. Pho-
tometric observations involve measuring the integrated light from a galaxy
over a fixed wavelength band, using different filters (wavelength intervals
∼1000Å). Thanks to the development of charge-coupled devices (CCD,
Boyle & Smith, 1993), photometric observations have become incredibly
quick to do, allowing large volumes of the sky to be observed. CCDs are
light sensitive silicon chips which allow an electric charge to be manipulated
and converted into a numerical signal that can be stored on a computer.
The Sloan Digital Sky Survey (SDSS, York et al., 2000) uses CCDs to map
14,555 square degrees, which is roughly 35% of the full sky. The SDSS tele-
scope uses a ‘drift scanning’ technique in which images of galaxies in the
focal plane drift along the CCD chip, whilst the camera rotates at the side-
real rate reading the CCD. The telescope observes objects with five filters
covering different wavelength ranges (u,g,r,i,z), taking roughly 54 seconds
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per filter to get an effective exposure of the galaxy (Gunn et al., 1998). Al-
though photometric observations are excellent for scanning large areas, it
comes at the expense of smoothing out the detailed information available in
a galaxy’s SED. Spectroscopic observations on the other hand, use a diffrac-
tion grating to split the observed light from a galaxy into its corresponding
wavelength components, allowing for maximal information to be extracted
(wavelength intervals ∼1Å). The issue with spectroscopy is that it takes
significant time to get a high signal-to-noise (S/N) spectrum of an object,
usually requiring multiple hours of observation. In addition to this, objects
must be selected specifically for spectroscopic observations, meaning that
the ‘drift scanning’ technique discussed above cannot be used. The develop-
ment of multi-object spectrographs addressed this issue somewhat, enabling
multiple galaxies to be observed at once and thus allowing incredibly large
spectroscopic galaxy catalogues to be constructed. Surveys such as the Two-
degree-Field Galaxy Redshift Survey (2dFGRS, Colless et al., 2001) and the
SDSS covered ∼1500 and ∼9380 square degrees of sky respectively, enabling
approximately 220,000 and 3 million objects to be observed spectroscopically.
Once a galaxy’s spectrum has been obtained, there is a plethora of useful
information that can be interpreted in order to determine the properties of
a galaxy.
Figure 1.3 shows example galaxy spectra from the SDSS photometric
and spectroscopic observations, respectively. The bottom left-hand panel
shows the photometric spectrum containing five data points corresponding
to the five filters used in observing (u,g,r,i,z) and the panel above shows
the filter response curves. There is a stark contrast in the detail provided
by the photometric (bottom left-hand panel) and spectroscopic observations
(right-hand panels), where a wealth of information is seen. First, an almost
continuous spectrum is present. This is known as the continuum, and it
is caused by the superposition of blackbody radiation produced by stars
in the galaxy which have different temperatures. In addition to this, we
see features such as the ‘rising’ (top right-hand panel) and ‘dipping’ of flux
(bottom right-hand panel) in the spectrum at specific wavelengths. The
‘rising’ of flux is due to emission lines from the gas content of the galaxy,
which is being ionised by a source. There are two types of emission line
8
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Figure 1.3: Figure showing the information gathered when obtaining photo-
metric (left-hand panels) and spectroscopic observations (right-hand panels)
of a galaxy. The top left-hand panel shows the filter response functions of
the u,g,r,i,z bands from the SDSS. The bottom left-hand panel shows the
photometric observations of a galaxy (SDSS J162254.02+185733.8) from the
SDSS using these filters. The top right-hand panel shows a galaxy from the
MaNGA survey (MaNGA Id: 12-193481) with strong emission lines show-
ing significant star formation. The bottom right-hand panel shows another
galaxy from the MaNGA survey (MaNGA Id: 1-137845) but this time with
no significant emission lines and strong absorption features, hinting at older
stellar populations.
in a galaxy spectrum; recombination and collisional. Recombination lines
are brought about when a free electron recombines with an ion, whereas
collisional emission lines arise when an electron is stripped from its host
atom. Different ionising sources can produce these emission line features and
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diagnostic tools have been created that enable us to deduce the dominate
source of ionisation in a galaxy (Baldwin et al., 1981; Kauffmann et al., 2003;
Kewley et al., 2006). Further to this, the functional form of these emission
lines can provide evidence for galactic outflows caused by Active Galactic
Nuclei (AGN) or star formation (Pettini et al., 2000; Tremonti et al., 2007;
Maiolino et al., 2012; Greene et al., 2012; Erb, 2015; Maiolino et al., 2017;
Concas et al., 2017).
The ‘dips’ in flux are due to absorption features that arise when photons
emitted from the centre of a star are absorbed by atoms or ions in the
stellar atmospheres. When the photons are re-emitted, they are lost from
the beam of light heading towards the observer, thus resulting in a dip in flux
at the energy level required to excite the atom. Stars of different chemical
composition will produce unique absorption features in the spectrum, so
they can be very useful for determining the ages, metallicities and chemical
abundances of galaxies (Worthey et al., 1994; Worthey & Ottaviani, 1997;
Kuntschner, 2000; Thomas et al., 2003; Kuntschner, 2004; Gallazzi et al.,
2005; Carson & Nichol, 2010). The emission and absorption lines, which
are related to the difference between transitioning energy levels, should be
similar to a Dirac delta function, however, these lines become broadened
due to the motion of atoms or ions in the radial direction. This broadening
can be used to work out the velocity and dispersion of gas and stars in the
galaxy.
The emission and absorption lines in a galaxy correspond to specific
wavelength intervals which can be derived from earth based experiments.
Because of this, it is possible to calculate how far away an object is using:
1 + z =
λobserved
λemit
, (1.1)
where λobserved and λemit are the observed and actual wavelength of the line,
and z is the redshift. Combining the redshift with geometrical information,
such as the galaxy’s right ascension (RA) and declination (DEC), it is pos-
sible to derive a map of the distribution of galaxies in the local Universe.
Early redshift surveys, such as the CfA Redshift Survey (Tonry & Davis,
1979), provided the first evidence that the distribution of galaxies in the lo-
cal Universe was structured and not random using a sample of 1100 objects.
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Figure 1.4: The spatial distribution of galaxies in the SDSS as a function
of redshift and right ascension, projected through 8 degrees in declination.
Galaxies are colour coded by their rest frame optical colours. This image
was taken from Zehavi et al. (2011).
The advent of much larger redshift surveys, such as the 2dFGRS and SDSS,
have allowed substantial catalogues of galaxies containing redshift and an-
gular information to be produced, thus offering opportunities to study the
statistical properties of galaxies in an attempt to further understand their
formation and evolution. Figure 1.4 shows the clustering of galaxies in the
SDSS from the work of Zehavi et al. (2011). It is clear that the structure
of galaxies in the Universe is not random, with areas devoid of galaxies, ar-
eas dominated by clusters of galaxies, and elongated filamentary structures
all being visible. Areas where filaments meet are the densest parts of the
Universe, hosting superclusters of galaxies. Conversely, voids are the most
under dense regions hosting isolated galaxies. The majority of galaxies ex-
ist somewhere between these two extremes in intermediate locations where
they are members of a group. A galaxy’s position within this density field is
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known as its environment. The density field is related to the gravitational
potential of the structure a galaxy resides in, which in turn, is associated
to the mass of baryonic and dark matter. In the next Section, I provide an
overview of the ΛCDM paradigm which can help offer an insight into the
formation of galaxies and the large-scale structure that we observe today.
1.3 Galaxy Formation and Evolution
Theoretical models of galaxy formation are pivotal in helping decipher the
structures that we observe today. By comparing models of how we expect
a galaxy to form to observational data, it becomes possible to constrain the
physics which underpins a galaxy’s evolution. The basic ingredients required
for a model of galaxy formation are a cosmological model, initial conditions,
structure formation, and baryonic physics embedded within these structures.
The first proposed models of disc galaxy formation were based on the idea
that a galaxy could form through a ‘monolithic collapse’ of a large gas cloud
(Eggen et al., 1962; Searle & Zinn, 1978). In this model, gravitational in-
teractions between nearby collapsing gas clouds produce tidal torques which
can provide sufficient angular momentum to form a disc structure. This
‘top-down’ formation scenario however, is no longer widely accepted by the
scientific community.
The current cosmological model of our Universe involves a component of
cold dark matter (CDM) and a cosmological constant, Λ (White & Rees,
1978; Davis et al., 1985). The ΛCDM model has been robustly tested in
different regimes, ranging from the LSS matter power spectrum (Percival et
al., 2001; Tegmark et al., 2004; Alam et al., 2016), to the CMB (Hanany
et al., 2000), in supernovae cosmology (Riess et al., 1998; Perlmutter et al.,
1999; Riess et al., 2004, 2016) and via weak gravitational lensing (Hilde-
brandt et al., 2017). In each instance, the model has been able to explain
the observational data of our Universe. Additionally, simulations of ΛCDM
structure formation are able to reproduce galaxy clustering similar to what
was highlighted in Section 1.2 (Davis et al., 1985; Springel, 2005; Guo et al.,
2011). There are however, some subtleties that still need to be addressed
by the model, such as the ‘missing satellite’ problem (Bullock, 2010), the
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Figure 1.5: A schematic of hierarchical structure formation from an N-body
simulation of cold dark matter halos. The image is taken from the review
of Baugh (2006). The horizontal lines represent snapshots of the process,
corresponding to different time steps in the simulation, with the final halo
being found at t5.
‘cuspy halo’ problem (Bull et al., 2016), and ‘galactic downsizing’ (Cowie
et al., 1996; Heavens et al., 2004; Thomas et al., 2005; Pérez-González et al.,
2008; Thomas et al., 2010). The first and second issue refer to the overabun-
dance of dwarf satellite galaxies predicted from ΛCDM simulations and to
the discrepancy between the observed and theoretical dark matter density
profiles in low mass galaxies. The final point pertains to observational evi-
dence which suggests that the most massive galaxies form their stars faster
and earlier in the Universe (more detail is provided in Section 1.4), some-
thing that is not naturally reproduced in the simulations (Thomas et al.,
1999; Thomas & Kauffmann, 1999; Fontanot et al., 2009).
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Forming galaxies in the ΛCDM framework involves two stages: struc-
ture formation and mass assembly. The cosmological principle states that
the Universe is homogeneous and isotropic, however, the small temperature
fluctuations in the CMB show that this is not true on small scales. In the
early Universe, density perturbations led to fluctuations which had relatively
large amplitudes on small scales, allowing dark matter to accumulate in over
dense regions and form small dark matter halos via gravitational instabili-
ties (Blumenthal et al., 1982; Peebles, 1982). As the Universe evolved, these
smaller halos subsequently merged with one another, forming larger halos
and deepening the gravitational potential well. A schematic of this ‘hier-
archical’ structure formation is shown in Figure 1.5. When two halos of
comparable size merge, a larger halo will be formed. When two halos of sig-
nificantly different masses merge, the least massive halo begins to orbit the
larger halo, forming a central and satellite halo structure. Over the course of
cosmic time, there are numerous mergers between halos consequently lead-
ing to the formation of halos of different sizes and shapes that can be large
enough to account for the galaxies, groups and clusters that we see today.
The ‘cosmic web’ of structure that is formed, accumulates matter via gravi-
tational interaction and sets the initial conditions for the formation of stars
and galaxies. Once a sufficient amount of baryonic matter has accumulated
within the potential well of a dark matter halo, gas can fragment and start
to form a ‘protogalaxy’, consisting of stars. The structure of the protogalaxy
will depend on the angular momentum of the gas cloud, with high angular
momentum clouds settling into a disc structure, and low angular momentum
clouds forming a spheroidal shape (Fall & Efstathiou, 1980). The evolution
of these protogalaxies through cosmic time, produces the galaxies that are
observed today.
Over this evolutionary epoch, different internal and external processes
can affect a galaxy’s properties. External processes such as merging are
at the heart of the ΛCDM paradigm and are ubiquitous in the early Uni-
verse (Conselice, 2003; Ryan et al., 2008). When two galaxies of similar
mass merge, the resulting galaxy bears little resemblance to the progenitors,
thus highlighting its role in shaping the morphology of galaxies. Toomre
& Toomre (1972) showed that the merger of two disc galaxies can result
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in an elliptical galaxy. Additional external processes such as tidal strip-
ping (Spitzer & Baade, 1951), galaxy harassment (Moore et al., 1996), ram
pressure stripping (Gunn & Gott, 1972) and strangulation (Larson et al.,
1980) also impact the gas content and structure of galaxies. Internal pro-
cesses governed by baryonic physics, such as star formation, removes cold gas
and associated metals from the interstellar medium (ISM) of a galaxy and
feedback from supernova explosions can return this material with enhanced
metallicity. AGN feedback can expel gas from a galaxy, suppressing star for-
mation and changing a galaxy’s colour. Furthermore, secular processes can
effect the distribution of stars in a galaxy (Kormendy & Kennicutt, 2004).
Understanding the prevalence and ramifications of each of these processes
allows us to distinguish between different galaxies evolutionary pathways.
A number of the physical processes mentioned above operate preferen-
tially in distinct regions of the cosmic web. For example, galaxy merging and
ram pressure stripping is usually seen in regions where the number density
of galaxies is high, such as in galaxy clusters. Galaxies that reside in voids
however, remain largely untouched and accrete gas from the intergalactic
medium. As discussed in Section 1.2, the distribution of galaxies in the lo-
cal Universe is structured and not random. Therefore, it seems reasonable
to conclude that there should be a connection between a galaxy’s position
in the cosmic web (i.e. environment) and its observed properties. In the
next Section, I will review the observational results that have enabled us to
understand some of the key drivers in a galaxy’s evolution.
1.4 Review of Observational Results
The description of galaxy formation and evolution presented in Section 1.3
is still subject to much debate. This is largely due to the complex nature
of star formation and feedback, as well as our relatively poor understanding
of the interplay between dark and baryonic matter. Yet, scientific studies
based on modern observations have allowed us to deduce important details
about galaxies and highlight the key drivers in their evolution as a function
of redshift.
When looking at the distribution of galaxy colours as a function of their
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Figure 1.6: The dust corrected colour-mass diagram taken from Schawinski
et al. (2014). The top left-hand panel shows the colour-mass diagram for all
galaxies, whereas the top and bottom right-hand panels show the diagram
for early- and late-type galaxies, respectively. It can be seen that early-type
galaxies have higher u-r colours than late-types.
magnitude or mass, there is a bimodality in the galaxy population with a ‘red
sequence’ and a ‘blue cloud’ (see Figure 1.6, Strateva et al., 2001; Baldry et
al., 2006; Mignoli et al., 2009; Pozzetti et al., 2010; Schawinski et al., 2014).
The red sequence contains mostly elliptical galaxies, whereas the blue cloud
is dominated by spiral galaxies. Unlike the Hertzsprung-Russell diagram
(HR) for stars (see Section 2.1.1), a galaxy’s properties are not completely
determined by their location on the CMD. Elliptical galaxies contain half of
the stellar mass in the Universe (Cappellari et al., 2015). They are believed
to have formed via major mergers of ‘protogalaxies’, resulting in a short
burst of star formation, depleting the gas reservoir and leaving a smooth,
round, featureless morphology (Thomas et al., 2005). Elliptical galaxies are
kinematically hot systems, lacking clear rotation in their stars (Davies &
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Illingworth, 1983; Davies et al., 1983; Franx & Illingworth, 1990; Bender,
1990). Their luminosity can be related to their stars velocity dispersion via
the Faber-Jackson relation (Faber & Jackson, 1976). At present, the star
formation rate in spiral galaxies is much higher than in ellipticals, leading
to their bluer appearance (Kennicutt, 1998). They are much less massive,
in terms of stellar mass, than ellipticals, but dominate the light in the Uni-
verse. Spiral galaxies show significant internal substructure, such as bulges,
bars, and spirals arms (Masters et al., 2011). Their stellar populations are
generally younger and more metal poor than elliptical galaxies (Peng et al.,
2015). Spirals galaxies are kinematically cold systems, showing ordered rota-
tional motion in their discs (Swinbank et al., 2017). Their luminosity can be
related to the rotational velocity of their stars via the Tully-Fisher relation
(Tully & Fisher, 1977). The origin of this galaxy bimodality is still not fully
understood, however multiple scenarios attempting to explain this have been
proposed.
Observations of galaxies residing in different locations in the Universe,
such as clusters, groups, fields and filaments (Oemler, 1974; Abell, 1977; Bah-
call, 1979; Balogh et al., 1999; Ferguson & Sandage, 1991; Geller & Huchra,
1989; Gott et al., 2005; Zehavi et al., 2011), provoked the first studies into
the impact of environment on galaxy properties. Dressler (1980) investi-
gated the dependence of galaxy morphology on environmental density using
galaxies from 55 rich clusters, finding that elliptical galaxies are preferen-
tially found in high density environments, whereas spirals are found in low
density environments (see Figure 1.7). The ‘morphology-density’ relation as
it is known, provided the first piece of evidence that a galaxy’s environment
is pertinent to its evolution. More recent work has suggested that global
galaxy parameters such as colour, star formation rate and stellar age, also
depend on environment. Studies by Kauffmann et al. (2004) and Hogg et al.
(2004) used ∼500, 000 galaxies drawn from the SDSS to look into dependen-
cies of specific star formation rate (sSFR) and g-r colour on environment,
respectively. The former found that sSFR was sensitive to environment at
fixed stellar mass, finding more star formation in low density regions, and
the latter found that the most luminous galaxies live in the densest envi-
ronments. In addition to the above, Baldry et al. (2006) studied the stellar
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Figure 1.7: The morphology-density relation from Dressler (1980). The top
histogram shows the distribution of the projected density of the cluster galax-
ies. The bottom scatter and line plot shows the fraction of population as a
function of the cluster density.
mass function in a range of environments using the SDSS, finding that the
number of massive galaxies is higher in denser environments. Similar studies
on the luminosity function of galaxies have also shown subtle environmen-
tal dependencies (Mercurio et al., 2010). There are studies in the literature
however, which show dissimilar results. Balogh et al. (2004) investigated
the colour distribution of red and blue galaxies from the SDSS at fixed
luminosity, for a wide range of environments. They found no significant en-
vironmental dependence and concluded that a galaxy’s intrinsic properties,
such as its mass and luminosity, are the primary drivers in galaxy evolu-
tion. Further to this, Blanton et al. (2005) and Blanton & Moustakas (2009)
showed that the structural parameters of a galaxy, such as Seŕsic index and
surface brightness are also independent of environment. Other studies have
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also found results that lie somewhere in between this binary depiction. In
Thomas et al. (2010), the environmental dependence of stellar population
properties in galaxies was explored using spectroscopic data from the SDSS.
They found that the stellar population properties of massive galaxies do not
depend on environment, whereas low mass galaxies in low density environ-
ments have some residual connection and experience a ‘rejuvenation phase’
of star formation in their late-time evolution. Moreover, Peng et al. (2010)
used galaxies from the SDSS and zCOSMOS (Lilly et al., 2007) to show that
the red fraction of galaxies; defined as the fraction of red galaxies compared
to the total number of galaxies, has a bivariate dependence on stellar mass
and environment. They suggested that there are two predominant pathways
to shutting down star formation in a galaxy, mass quenching (AGN feed-
back) and environment quenching (ram pressure stripping). This discord of
results makes it very difficult to interpret to what extent environment drives
galaxy evolution, making it an active area of research.
Studies into the formation timescales of galaxies have found evidence for
‘archaeological downsizing’, in which the most massive galaxies form first and
on short timescales. This means that the stellar age of a galaxy population
increases as the formation time scale decreases (Cowie et al., 1996; Heavens
et al., 2004; Thomas et al., 2005; Pérez-González et al., 2008; Thomas et
al., 2010). In Thomas et al. (2010), the ages, metallicities and abundance
ratios were derived from stellar population modelling, for a range of early-
type galaxies drawn from the SDSS. The chemical abundance ratio defined
as [α/Fe], is an import proxy for the formation timescale of a galaxy. This
is because the α elements (made up from α nuclei1) are produced in the
supernova explosion of massive stars (Type II supernovae), which only live
for short timescales, whereas Fe is also produced in lower mass supernova
explosions (Type Ia supernovae) arising from binary star systems (Nomoto
et al., 1984). The enriched chemicals are then deposited in the ISM and are
used for the next generation of stars. Hence, high abundances of [α/Fe] sug-
gest a relatively quick, short burst of formation. Their results found that the
most massive galaxies were [α/Fe] enhanced and formed on short timescales
1α nuclei are built up due to successive capture of α particles. The elements produced
are oxygen, neon, magnesium, silicon, sulphur, argon and calcium.
19
Figure 1.8: Specific star formation rate as a function of lookback time and
redshift, for four different stellar mass bins. As can be seen, the most massive
galaxies form first and on short timescales. Image taken from Thomas et al.
(2010).
(see Figure 1.8), providing support that mass is the primary driver in a
galaxy’s evolution. This result was further corroborated by Pozzetti et al.
(2010) who showed that while there was no evolution in the number density
of massive galaxies since high redshift, the number of lower mass systems
increased. Thomas et al. (2010) also showed that the scaling relations be-
tween the galaxies’ age, metallicity and [α/Fe] and their velocity dispersion,
are insensitive to environment.
The results discussed in this section suggest that a galaxy’s morphology,
mass and environment all play some role in galaxy evolution. Despite having
this understanding, the results above were obtained mainly using large spec-
troscopic surveys which have the downside of only sampling a small subregion
of the galaxy (i.e. the centre), defined by the location of the light collecting
fiber. Therefore the complex and rich internal structure, in which subtle for-
mation and evolutionary processes may be seen, is neglected. For example,
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Figure 1.9: Distributions of the age, metallicity and [α/Fe] gradients for 35
galaxies from the Coma cluster in Mehlert et al. (2003).
monolithic collapse of gas clouds produce significant gradients in metallicity
(Carlberg, 1984; Thomas et al., 1999; Kobayashi, 2004; Pipino et al., 2006,
2010), AGN outflows and secular processes such as radial migration will be
imprinted in the radial profiles of the stellar populations (Sellwood & Bin-
ney, 2002; Roškar et al., 2008; Sánchez-Blázquez et al., 2009; La Barbera et
al., 2011; Wuyts et al., 2012; Minchev et al., 2012), galaxy merging, however,
will dilute these profiles (White, 1980; Ogando et al., 2005), and accreted
stellar material will leave remnants at large radii (Lackner et al., 2012). In
the next Section, I provide a comprehensive overview of the theoretical pre-
dictions for the radial profles of stellar population properties in galaxies, such
as age and metallicity, based on the different galaxy formation scenarios and
evolutionary processes initially discussed in Section 1.3.
1.5 Theoretical Predictions for Stellar Population
Gradients
As highlighted in earlier sections of this thesis, there are a number of forma-
tion and evolutionary scenarios which can effect the radial stellar population
properties of galaxies, each of which, may also depend on basic properties
such as a galaxy’s mass or its environment. In Section 1.3, I introduced two
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Galaxy Formation Predicted Age Predicted Metallicity Correlation with Correlation with
Scenario Gradient Gradient Stellar Mass Environment
Major Mergers Shallow/Flat Shallow/Flat No Yes
Monolithic Collapse Flat Steep Negative Yes No
Satellite Accretion/Minor Merger Flat/Positive Negative No Yes
Table 1.1: Summary table describing the age and metallicity gradients pre-
dicted by different galaxy formation scenarios.
proposed mechanisms that can form a galaxy, namely through the ‘mono-
lithic collapse’ of a large gas cloud (Eggen et al., 1962; Larson, 1974; Searle
& Zinn, 1978; Carlberg, 1984) or through a process of hierarchical merging
in the ΛCDM paradigm (White & Rees, 1978; Davis et al., 1985). Table 1.1
shows the predictions for the age and metallicity gradients in galaxies un-
der these two scenarios, and also highlights their possible correlations with
stellar mass and environment.
In the classical ‘monolithic collapse’ scenario, a galaxy experiences a sin-
gle large star formation episode and residual gas from the collapsing cloud
dissipates to the central regions of the galaxy, carrying new metals which
have been ejected by old stars (see Chapter 2 for further details). This sub-
sequently leads to a higher abundance of heavy elements in the centre of the
galaxy and lower metallicity in the outer regions, resulting in a steep negative
metallicity gradient and relatively flat age gradient. More massive galaxies
have a deeper potential well which allows the galaxy to retain more metals
in its central region, leading to the most massive galaxies having the steep-
est negative metallicity gradients. ‘Monolithic collapse’ models alone do not
predict any strict dependence of stellar population gradients on a galaxy’s
environment, however it is important to be aware that external environmen-
tal effects, such as ram pressure stripping, could effect the distribution of gas
in the galaxy and thus, the inferred stellar population gradients produced
by this formation scenario.
The minor and major merging of galaxies is common in the hierarchical
paradigm of galaxy formation. Dry major mergers can have the effect of
diluting the inferred radial gradients of stellar population properties due
to orbital mixing (White, 1980; Kobayashi, 2004; Di Matteo et al., 2009),
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which results in the prediction of flat age and flat metallicity gradients.
Wet major mergers, which are mergers between two gas rich galaxies, can
trigger a significant amount of central star formation in the galaxy (Lin
et al., 2008) which can lead to shallow negative age gradients. In both
of the merging scenarios discussed above, there is no dependence of the
realised gradients on stellar mass. A galaxy’s environment however, will
have an impact on the inferred gradients. This is because galaxies in denser
environments are more likely to undergo a major merger (Stewart et al.,
2009) and thus, one would expect to see flatter, or even modified gradients
in denser environments. Minor mergers involve the accretion of gas and stars
from smaller nearby metal poor galaxies by a more massive neighbouring
galaxy. In this scenario, the stellar populations in the outermost regions of
the galaxy can mix, and gas from the accreted satellite can funnel to the
central regions of the galaxy forming new stars with enhanced metallicity.
This process leads to the formation of negative metallicity gradients and
flat, or even positive, age gradients. Similar to major mergers, there is
no explicit prediction for the dependence of the gradients on stellar mass,
however galaxies in denser environments are more likely to undergo merging,
and thus one would expect to see some environmental dependence.
In addition to galaxy formation scenarios producing distinctive imprints
on the radial profiles of stellar population properties, there are other internal
processes which can also produce similar effects. For example, the relatively
flat age gradients predicted by the ‘monolithic collapse’ scenario can be pro-
duced by dynamical effects, such as the radial migration of stars (Sellwood &
Binney, 2002; Roškar et al., 2008; Sánchez-Blázquez et al., 2009; La Barbera
et al., 2011; Wuyts et al., 2012; Minchev et al., 2012). Variations in the radial
distribution of metals in a galaxy can be produced by radially driven galactic
outflows or by alterations to the Initial Mass Function (IMF) of the galaxy
(Lian et al., 2018, see Section 2.1.4 for detailed discussion). In the former ex-
ample, supernovae explosions in low mass galaxies have the potential to eject
gas from the galaxy and redistribute it back into the Intergalactic Medium
(IGM). Similarly in high mass galaxies, feedback from Active Galactic Nuclei
(AGN) can expel gas and quench star formation preventing further chem-
ical enrichment (Schawinski et al., 2007). In the latter example, the mass
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distribution of stars in a galaxy can be varied radially to include a larger
fraction of high mass stars in the central regions of the galaxy. This will
lead to enhanced metallicity in the central region and produce a steep nega-
tive metallicity gradient. Lastly, external environmental effects such as tidal
stripping (Spitzer & Baade, 1951), galaxy harassment (Moore et al., 1996),
ram pressure stripping (Gunn & Gott, 1972) and strangulation (Larson et
al., 1980) can also impact the gas content of a galaxy, potentially quenching
star formation in such a way that distinct age and metallicity gradients can
be produced.
In order to decipher which of the aforementioned mechanisms is truly
driving the gradients of stellar population in galaxies, and to investigate
the potential correlations with galaxy mass and environment, one must use
detailed observations to peer inside galaxies. In the next Section, I introduce
some of the key results derived from modern spatially resolved observations
that have provided further insight into this area of galaxy formation and
evolution.
1.6 Spatially Resolved Observations and the Future
The spatial distribution of stellar populations in galaxies has been studied
for several decades, with early work by Faber (1977) investigating the radial
gradients of colours and absorption line indices. Further detailed analyses in
the 1990s, from long-slit spectroscopy, allowed more detailed insights. This
technique involves observing a galaxy’s spectrum through an elongated slit
aperture, which blocks off most of the field of view (FoV) and only allows
a narrow strip of light to pass. The light then passes through a diffraction
grating, breaking it into its corresponding wavelength elements and provid-
ing spatial information which can be then be used to look at gradients of
properties. Studies using long-slit spectroscopy mostly focused on early-type
galaxies and established the general presence of negative metallicity gradi-
ents in their stellar populations, suggesting an ‘outside-in’ process of metal
enrichment (Peletier et al., 1990; Gorgas et al., 1990; Franx & Illingworth,
1990; Bender & Surma, 1992; Davidge, 1992; Davies et al., 1993; Carollo
et al., 1993; Kobayashi & Arimoto, 1999; Jørgensen, 1999). Subsequent fol-
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low up analyses, also based on long-slit spectroscopy and a few on colours,
placed the first constraints on the gradients of other stellar population pa-
rameters, such as age and chemical abundance ratios (Mehlert et al., 2003;
Tamura & Ohta, 2004; De Propris et al., 2005; Forbes et al., 2005; Mén-
dez et al., 2005; Proctor et al., 2005; Wu et al., 2005; Moorthy & Holtzman,
2006; Baes et al., 2007; Jablonka et al., 2007; Reda et al., 2007; Spolaor et al.,
2008; Clemens et al., 2009; Coccato et al., 2010; Spolaor et al., 2010; Tortora
et al., 2010; Prochaska Chamberlain et al., 2011; Bedregal et al., 2011; Koleva
et al., 2011; Harrison et al., 2011; Loubser & Sánchez-Blázquez, 2011; Morelli
et al., 2012; La Barbera et al., 2012; Morelli et al., 2015; Roig et al., 2015).
These studies generally found that early-type galaxies and the bulges of spi-
ral galaxies exhibit significant negative gradients in metallicity, but no or
very mild positive gradients in age and [α/Fe] element ratio (see Figure 1.9).
The absence of a significant age gradient is further confirmed by the redshift
evolution of colour gradients (Saglia et al., 2000; Tamura & Ohta, 2000).
Although the above studies have provided us with insights into the stellar
population gradients of early-type galaxies, we are yet to establish the de-
pendence of these on basic galaxy population properties, such as a galaxy’s
mass or its environment. This was largely due to slow technique of long-
slit spectroscopy producing samples of galaxies that were limited in size.
The modern development of IFS has gone some way to addressing this.
IFS enables spectra to be gathered over a two-dimensional FoV. Multiple
fibers are coalesced together inside an integral field unit (IFU) centred on
the galaxy, with each fiber being fed into the spectrograph. This allows a
spectrum to be generated for each on-sky x and y position, creating a 3D
data cube (see Figure 1.10). A number of spatially resolved IFU measure-
ments on local galaxies have already been made [SAURON (de Zeeuw et
al., 2002), DiskMass (Bershady et al., 2010), ATLAS3D (Cappellari et al.,
2011), CALIFA (Sánchez et al., 2012), MUSE (Bacon et al., 2015), SAMI
survey (Allen et al., 2015)], which have provided evidence for the ‘inside-
out’ mass assembly of galaxies (Pérez et al., 2013), ‘sub-maximality’ of discs
(Bershady et al., 2011), and probed the internal chemical composition of
galaxies (González Delgado et al., 2014). There have also been efforts to
map stellar content of galaxies in very high spatial resolution IFS data (e.g.
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Figure 1.10: An example galaxy observed by the SDSS IFS survey MaNGA.
The top left-hand image shows the SDSS image of the galaxy, with the
MaNGA IFU outline (purple) placed on top. The bottom left-hand plot
shows the r-band flux map of the galaxy. The right-hand plot shows three
different galaxy spectra taken from different locations within the galaxy,
with radius increasing from top to bottom and S/N decreasing from top to
bottom.
Bacon et al., 1995; McDermid et al., 2006; Davies et al., 2007; Riffel et al.,
2010, 2011; Storchi-Bergmann et al., 2012; Kamann et al., 2016).
Studies into the stellar population gradients of early-types have found
similar results to what was obtained using long-slit spectroscopy (Sánchez-
Blázquez et al., 2007; Rawle et al., 2008, 2010; Kuntschner et al., 2010;
Greene et al., 2012, 2013; Sánchez-Blázquez et al., 2014; González Delgado
et al., 2015). In addition to this, there have been detailed studies on late-type
galaxies, generally finding negative gradients in age and metallicity (Sánchez-
Blázquez et al., 2014; González Delgado et al., 2015; Ho et al., 2015). Despite
this new era of IFS, there is still no consensus regarding the fundamental de-
pendencies of these gradients on mass and environment. Forbes et al. (2005),
Spolaor et al. (2010) and Roig et al. (2015) find an indication for steepening
of the metallicity gradient with galaxy mass for early-type galaxies, whereas
Sánchez-Blázquez et al. (2007) see a dependency with isophote shape rather
than galaxy mass or velocity dispersion. Furthermore, most of the other
studies quoted above have not detected significant correlations with any of
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the galaxy parameters explored. Studies from the CALIFA survey however,
have shown a dependence of stellar population properties with central veloc-
ity dispersion (Sánchez-Blázquez et al., 2014) and also concluded that galaxy
morphology is more important than mass in shaping stellar population gradi-
ents (González Delgado et al., 2015). Yet, these two inconsistent conclusions
were drawn with relatively meagre galaxy samples. Ongoing IFU surveys
such as MaNGA (Bundy et al., 2015) offer unprecedented statistical power
to the IFS community, allowing for the effect of galaxy mass, morphology,
and environment on stellar population gradients to be studied robustly.
The MaNGA survey (Bundy et al., 2015) is part of the fourth generation
of the SDSS (Blanton et al., 2017) and aims to obtain spatially resolved
information of 10,000 nearly galaxies (median redshift z ∼ 0.03) by 2020,
covering a wide range of stellar masses and environments. MaNGA uses five
different types of IFU, with sizes that range from 19 fibres (12.5′′ diameter)
to 127 fibres (32.5′′ diameter). The fiber bundle selected to observe the
galaxy is based upon the redshift of the galaxy, with lower redshift galaxies
being observed with larger IFUs. This is to ensure that the survey provides
the desired radial coverage of the galaxy out to 1.5 Re or 2.5 Re2. The
MaNGA spectra also cover a large wavelength range of 3600Å to 10300Å
with a spectral resolution of R∼2000, offering an exciting opportunity to
apply stellar population models to the spectra.
The motivation for my work is clear. In this thesis, I will present an
original study into the spatially resolved star formation histories and stellar
population gradients of galaxies from the MaNGA survey, as a function of
galaxy mass, type, and environment. My analysis utilises what is currently
the largest available galaxy sample observed with IFS, using data from the
first year of MaNGA observations. I will show that my sample allows me to
conduct an unbiased investigation into the dependencies of these gradients
on the parameters mentioned above, allowing me to provide valuable insights
into galaxy formation and evolution.
2Where Re is the effective radius of the galaxy, which is defined as the radius at which
half of the total light of the system is emitted.
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1.7 Outline of the Thesis
In Chapter 1 I have introduced the required context for my research. I have
described the theoretical ideas behind the evolution of the Universe and the
formation of galaxies. I have also explained the observational differences be-
tween galaxies in the Universe and the physical processes that are thought to
be driving this distinction. By doing so, I have highlighted the importance of
large spectroscopic surveys, and the need for modern IFU surveys in order to
decipher the internal structure of galaxies. Chapter 2 describes the analysis
tools that I use in order to conduct my research. I will introduce the basic
ideas behind stellar population modelling (SPM), full spectral fitting and
provide an overview of the Portsmouth high-performance computing cluster,
Sciama. In Chapter 3, I present work published in Wilkinson et al. (2017)
testing the newly developed full spectral fitting code FIREFLY and inves-
tigating the effects that different stellar population models have on derived
quantities. I do this using a range of different sets of data, such as mock
galaxies, globular clusters and observational data from the SDSS. I then
apply the full spectral fitting method to galaxies from the MaNGA survey
in order to produce a value added catalogue (VAC) for the scientific com-
munity. In Chapter 4, I present work published in Goddard et al. (2017b)
investigating the spatially resolved star formation histories of nearby galax-
ies. I investigate the radial properties of stellar populations in galaxies, and
how these depend on galaxy mass and type. I compare my results to ones
obtained using a different full spectral fitting code and alternative stellar
population models. In Chapter 5, I extend this analysis and investigate how
the radial gradients of stellar population properties depend on a galaxy’s
environment. I determine a galaxy’s environment in a number of different
ways, ensuring an unbiased and accurate analysis can be carried out. This
work was originally published in Goddard et al. (2017a). Finally in Chap-
ter 6, I present the conclusions of this thesis, highlighting their relevance and
assessing how they can help address current problems in galaxy formation
and evolution. I additionally provide avenues for future work.
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Chapter 2
Analysis Tools
As discussed in Chapter 1, the light emitted from a galaxy encodes a plethora
of information about its physical properties. In order to extract these details
from observational data, one must apply physically motivated models. In
this chapter, I describe the approach of stellar population modelling (SPM),
outlining the theory of stellar evolution and the technique of evolutionary
population synthesis (EPS), which can be used to model the spectrophoto-
metric properties of stellar populations. Further to this, I introduce the full
spectral fitting technique and provide a comprehensive overview of the newly
developed code FIREFLY, which fits stellar population models to data. In
Chapter 3 of this thesis, the robustness of FIREFLY is tested using a wide
range of simulated and observational spectroscopic data. In Chapters 3, 4
and 5, FIREFLY is applied to brand new IFU data from the MaNGA sur-
vey to create a value added catalogue for the scientific community, and to
conduct two scientific studies investigating the dependence of stellar popu-
lation gradients on mass, morphology and galaxy environment. The work
presented in Section 2.2 of this chapter was partially published in Goddard
et al. (2017b) and Wilkinson et al. (2017)
2.1 Stellar Population Modelling
Historically, astronomers would fit observed spectra of a range of spectral
types of stars to galaxy data until the ‘best fit’ was found and parameters
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could be deduced (Spinrad & Taylor, 1971; Faber, 1972). Although this
appeared to be a reasonably sensible approach, the properties derived were
often unphysical due to the limited number of observed spectra available and
the scheme used to determine the age of a galaxy. In the 1970s, this approach
was superseded by evolutionary population synthesis (EPS) in which stellar
population models were created constrained by the robust theory of stellar
evolution, enabling a new era in galaxy modelling (Tinsley, 1972; Tinsley &
Gunn, 1976). The main ingredients of a stellar population model are stellar
tracks, which provide a prescription for stars evolving along the Hertzsprung-
Russell (HR) diagram, a stellar library, enabling the conversion of stellar
properties into a spectral energy distribution (SED), and an initial mass
function (IMF) describing the initial mass distribution of stars when the
respective stellar population formed. Below, I provide an overview of the
theory of stellar evolution and details about the three ingredients referred to
above.
2.1.1 Stellar Evolution Primer
All of the hydrogen in the Universe was produced during Big Bang Nu-
cleosynthesis (BBN) with virtually no heavy elements being present. This
suggests that the ‘metals1’ must have been assembled via a different mecha-
nism. We now know that this mechanism, known as stellar nucleosynthesis,
occurs in the cores and outer shells of stars. A galaxy consists of billions of
stars and therefore they are the most important components in a galaxy’s
evolution. Globular clusters are nearly coeval populations of stars formed
from the same gas cloud. Figure 2.1 shows the HR diagram (or colour-
magnitude diagram, CMD) of stars in the globular cluster NGC 1851. The
HR diagram is a scatter plot showing the relationship between the stars ab-
solute magnitudes versus their effective temperature. It is clear to see that
the stars are located in several distinct locations, known as evolutionary
phases, such as the Main Sequence (MS), Sub-Giant Branch (SGB), Blue
Straggler (BS), Red-Giant Branch (RGB), Horizontal-Giant Branch (HB)
1In astronomical nomenclature, metals are defined as all elements heavier than hydro-
gen, lithium, helium, boron and beryllium.
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Figure 2.1: HR diagram of the globular cluster NGC 1851 from Maraston
(2005). All of the evolutionary phases described in Section 2.1.1 are labelled
with the abbreviated terms used in the text.
and the Asymptotic-Giant Branch (AGB). Each stellar phase is important
for a galaxy, this is because as stars evolve along the HR diagram, nuclear
reactions in their cores and outer shells enrich heavier elements which are
then distributed to the interstellar medium (ISM) upon their death provid-
ing the seeds for future generations of stars to be born. Evolution along the
HR diagram is mostly driven by the mass of the star, with their chemical
composition playing a secondary role. In the paragraphs below, I provide an
overview of a star’s evolution along this diagram, starting from their initial
creation to their spectacular death.
Once a large molecular cloud of baryonic matter has cooled sufficiently,
gas begins to clump together and collapse due to gravitational instability.
If the gas cloud is sufficiently dense, radiative pressure sourced from the
gravitational contraction can provide an outward force balancing the inwards
gravitational collapse, producing a ‘protostar’. Protostars then continue to
accrete material from the gas cloud until radiative feedback becomes too
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large, halting the process. The evolution of a protostar will depend on its
mass, with higher mass protostars initiating nuclear fusion via hydrogen
burning first, while lower mass protostars evolve as pre-main sequence stars
with no nuclear fusion taking place (Palla & Stahler, 1992). The protostar
phase is very short (∼105 years), and contributes negligibly to the luminosity
budget of a galaxy (Sparke & Gallagher, 2000). Following the onset of nuclear
fusion, the outward pressure support of a star is sufficient to counteract any
infall from baryonic matter, forming a star that is in hydrostatic equilibrium.
Stars then burn hydrogen in their core and are situated on the MS. Most of
a star’s life is spent on theMS, with the timescale of this phase being largely
driven by the mass of the star. Stars of M∗ > 8M spend roughly 10 Myr
on the MS, whereas stars of M∗ < 0.2M can remain in this phase for up to
10 trillion years (Schaller et al., 1992; Mo et al., 2010). After the supply of
hydrogen is exhausted, the star ‘turns off’ to the Post-Main Sequence (PMS)
phases, where its evolutionary track will once again depend on its mass and
more significantly on the chemical composition. Typical timescales in these
phases are between 0.03 and 1 Gyr.
When stars of M∗ < 8M move off the MS, their core is not initially hot
enough to fuse the helium that has been created, leading to an initial con-
traction of the star. This contraction causes a thin shell of hydrogen burning
outside of the helium core which subsequently injects radiative pressure into
the stars outer layers causing them to expand, leaving the star cooler and red
and in the SGB phase. As the core temperature rises, the gradient between
the temperature of the core and the outer layers increases leading to further
hydrogen burning. The luminosity of the star increases and expands further,
moving onto the RGB. The helium core continues to contract and rise in
temperature until fusion begins and an injection of radiative pressure into
the hydrogen shell causes burning to stop. A star then moves onto the HB,
where it begins to centrally fuse helium into heavier elements such as carbon
and oxygen. As the helium supply is depleted, the star begins to contract
allowing a layer of helium burning outside of the core of carbon and oxygen
as shown in Figure 2.2, and the star moves back to the AGB phase. The
helium burning phase lasts roughly 20% of the time that the star was on the
MS. Once a star on the AGB reaches a sufficient luminosity, it can expel its
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Figure 2.2: Internal structure of an AGB star, showing the distinct layers.
Image is taken from the website of Magnus Persson.
outer layers in a stellar wind, leaving its naked core as a white dwarf and its
ejecta as a planetary nebula.
More massive stars, M∗ > 8M, are able to hold onto their material
through phases beyond helium burning, successfully building up multiple
layers of heavy elements all the way up to iron. Due to the larger masses
of the stars, their time in the PMS phases is much shorter, of the order
30 Myr. There are two ways in which a massive star can end its life. First,
stars in the mass range, 8 < M < 40, undergo core collapse producing a
supernova explosion which releases a vast amount of energy and leaves behind
a neutron star. Supernova explosions can shine brighter than a galaxy for a
very short time and are the main source of elements heavier than nitrogen in
the Universe (François et al., 2004). More massive stars, M > 40M, also
collapse in on themselves and produce a dramatic supernova explosion, but
instead leave behind a stellar mass black hole.
2.1.2 Stellar Evolutionary Models
As mentioned in Section 2.1.1, the evolution of a star along the HR diagram
is largely governed by its mass and chemical composition2. Thus, for a given
initial mass and metallicity, a theoretical model should in principle yield
all the properties of a star at any time t. Stellar ‘tracks’ allow us to do
2There are second-order effects, such as rotation, which can also effect the evolution of
the star along the HR diagram (Maeder & Meynet, 2000).
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Figure 2.3: Plot from Zhang et al. (2013), showing example stellar evolu-
tionary tracks (grey lines) of stars with 0.1 < M < 100, and isochrones
(red lines) of age 6-10 log(years). The blue symbols highlight the TP-AGB
tracks mentioned in the Section 2.1.1.
this by describing the energetics of stellar phases and how stars on the HR
diagram change with time. Examples of different mass stellar tracks are
shown in Figure 2.3. An ‘isochrone’ can be calculated from stellar tracks by
constructing a line that connects stars of the same age and initial chemical
composition, with different stellar masses. There are a number of isochrones
which can be used in the modelling process describing a wide range of masses,
chemical compositions, and including different theoretical prescriptions for
the evolutionary phases in the HR diagram, such as mass loss in the RGB
phase. Two of the main groups producing stellar isochrones for SPM are the
Padova group (Bertelli et al., 2008, 2009; Girardi et al., 2000) and the Geneva
group (Schaller et al., 1992). Isochrones can be calibrated against globular
clusters for which there are observations of MS and turn-off stars, however,
isochrones based on later evolutionary stages are subject to systematics due
to the lack of observational data (Maraston, 1998, 2005; Percival & Salaris,
2009). In Section 2.1.5, I will explain how it is possible to overcome the
latter issue.
34
2.1.3 Stellar Spectra
Following the computation of the isochrones, the next step is to transform
the luminosity of a star along the HR diagram into an observable SED. To do
this, it is necessary to associate the theoretical star to an empirical or theo-
retical spectrum of known stellar parameters. Empirical spectra are samples
of nearby stars that provide an accurate spectrum, with absolute magnitudes
M and metallicities Z determined from observations, and effective tempera-
tures Teff and surface gravities log(g) derived from models. Because of the
tight correlation between spectral type and Teff of a star [which is also cor-
related with the surface gravity, log(g)], one can interpolate (or extrapolate)
in the Teff -log(g) plane to predict the spectrum of a star that hasn’t been
observed. Limitations of empirical spectral libraries are that they do not
necessarily have the coverage of stars (in terms of Age, Z, log(g), [α/Fe])
required to sample the full parameter space, which is largely down to our
inability to resolve stars beyond the Milky Way. Consequently, this means
interpolating and extrapolating can sometimes be very risky and lead to an
incorrect determination of the SED.
Theoretical spectra can be very useful from this perspective as they
do sample the full parameter space at nearly unlimited spectral resolution
(Westera et al., 2002; Coelho et al., 2007). Spectra for a wide range of param-
eters and chemical abundances are created using radiative transfer models of
stellar atmospheres (Kurucz, 1979). A significant drawback however, is that
some model atmospheres are not able to reproduce known stellar spectra due
to incomplete atomic/molecular line lists (Meneses-Goytia et al., 2015) and
uncertainties in the physical processes which occur in stellar atmospheres,
such as convection and overshooting (Korn et al., 2005). In Chapter 3 of this
thesis, I use the stellar population models of Maraston & Strömbäck (2011)
based on the empirical libraries of MILES (Sánchez-Blázquez et al., 2006),
ELODIE (Prugniel et al., 2007) and STELIB (Le Borgne et al., 2003).
2.1.4 Initial Mass Function
The IMF describes the mass spectrum with which stars form and is also a
pivotal component when constructing a stellar population model. This func-
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Figure 2.4: Visualisation of the initial mass functions from Salpeter (1955)
and Kroupa (2001) discussed in Section 2.1.4.
tion depends heavily on how large gas clouds collapse and fragment to form
stars which is generally poorly understood (Bate, 2011) and also on differ-
ent physical conditions such as temperature, density, and metallicity (Jeans,
1902). The IMF is derived from observational constraints, e.g- observing the
number density of stars of a given mass in the Milky Way. It is assumed to
be universal across all galaxies (Martín-Navarro et al., 2015; van Dokkum et
al., 2016; Vaughan et al., 2016), however studies based on galactic dynamics
and stellar populations suggest tension with this viewpoint (Conroy & van
Dokkum, 2012; Cappellari et al., 2012). In this thesis, I use models based
on two different IMFs, namely those by Salpeter (1955) and Kroupa (2001).
The IMF has the following functional form:
ξ(M) = cM−(1+x) , (2.1)
where c is a constant and x determines the slope of the power law. For a
Salpeter IMF x = 1.35, whereas a Kroupa IMF is described by a double
power law, where x = 1.3 for M > 0.5M and x = 0.3 for 0.08 < M < 0.5.
Figure 2.4 provides a visual representation of these functions.
36
2.1.5 Isochrone Synthesis
Once the three ingredients above have been selected, one can begin to derive
an SED using ‘isochrone synthesis’. This is the process of integrating the
energetics of a stellar population across all of its relevant evolutionary phases.
For stars on the MS, the flux can be integrated all along the isochrone,
however due to the lack of observed stars in the PMS phases this is very
difficult to do. One way to deal with these later evolutionary phases is to
use the Fuel Consumption Theorem (FCT, Renzini & Buzzoni, 1986). The
FCT states:
“The contribution of stars in any given post-MS stage to the
integrated bolometric luminosity of a simple stellar population is
directly proportional to the amount of fuel burned in that stage.”
Where the “fuel” is defined as the amount of hydrogen and helium (by mass)
left to undergo nuclear fusion. Using this, it is possible to combine the MS
and PMS to get the energetics across all evolutionary phases. In this thesis,
I use the stellar population models of Maraston & Strömbäck (2011) which
rely on the same FCT prescriptions discussed in Maraston (1998, 2005).
To obtain the spectrum of a simple stellar population (SSP), consisting of
a single age and metallicity, one must numerically integrate the following
equation:
Sλ(t,Z) =
∫ Mupper
Mlower
ξ(M)Sλ(M,Z, t)dM , (2.2)
where ξ(M) is the IMF for mass M , Sλ(M,Z, t) is the empirical spectrum,
corresponding to a star of mass M , metallicity Z, and age t. Mlower and
Mupper are the stars with the smallest and largest masses, respectively.
Consider now a more realistic description of a composite stellar population
(CSP), consisting of an ensemble of stars. The spectrum at time t is be
given by:
Sλ(t,Z) =
∫ t
0
Ψ(t− t′)Sλ(t′ ,Z) exp
(
−τλ(t′)
)
dt
′
, (2.3)
where Ψ(t− t′) is the star formation rate, Sλ(t′ ,Z) is the flux from an SSP,
and τ is the decay time of the star formation. In Chapter 3, I test the
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robustness of the full spectral fitting code FIREFLY on a range of SSPs
and CSPs, attempting to recover known input parameters. Equation 2.3
shows that a galaxy, which is made up of multiple stellar populations, can
be described by an appropriate combination of different SSPs. This fact
allows us to discretise the equation and attempt to fit linear combinations
of SSP models to data in order to derive galaxy properties. This approach
will be described in Section 2.2 when the topic of full spectral fitting is
introduced.
2.1.6 Uncertainties and Differences in Stellar Population Mod-
elling
There are several types of stellar population model used in extragalactic
studies, each of which vary by stellar library, stellar tracks, and parameter
coverage (Bruzual & Charlot, 2003; Maraston, 2005; Vazdekis et al., 2010;
Maraston & Strömbäck, 2011; Conroy & van Dokkum, 2012). In addition to
this, the contribution of particular stellar phases to the SED can also vary
between models, such as the blue Horizontal Giant Branch or the Thermally
Pulsating Asymptotic-Giant Branch (TP-AGB). Therefore, it is important
to highlight some of the key differences and uncertainties which arise in the
modelling process. Throughout this thesis, I use the models of Maraston
& Strömbäck (2011, hereafter M11) to determine stellar population proper-
ties and I also compare these results to those obtained using the models of
Bruzual & Charlot (2003, hereafter BC03). In the next few sections, I will
elucidate the key differences between the models and explain the potential
impacts these may have on the derived quantities presented in this thesis.
The first notable difference between the M11 and BC03 models are the
underlying stellar tracks which are used. BC03 models are based on the
Padova stellar tracks (Fagotto et al., 1994) which include convective over-
shooting, whereas M11 models are based on the Frascati tracks (Cassisi et al.,
1997) which do not incorporate this effect. Overshooting impacts the devel-
opment of the RGB as it delays the emergence of stars with a degenerate
helium core, thus meaning the SED will be bluer (Ferraro et al., 2004). The
net effect of this is that SEDs based on overshooting models give systemat-
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ically older ages and higher galaxy masses. An additional subtlety between
the two sets of stellar tracks is the disparate temperature distributions of
the RGB phase. In the Padova tracks, the RGB phase is shifted to cooler
temperatures as a result of the different calibration of mixing-length theory
used for the modelling of envelope convection. This means that for ages
greater then 1 Gyr, M11 models give bluer SEDs and older ages than BC03.
As described in Section 2.1.1, stars can lose mass at the end of their lives
via stellar winds. Yet, this is not the only place where this can happen.
For example, stars at the tip of the RGB generally have enough radiative
pressure to push outer layers away. No theoretical prescriptions exist for
this, so the M11 models used in this thesis treat mass loss as an empirical
parameter given by:
dM
dt
= −η L
gR
, (2.4)
where η is a parameter determined from observations of RGB stars and is
given by 4× 10−13 (Reimers, 1975), g is the surface gravity, R is the radius,
and L is the luminosity. For BC03 models however, a different approach is
taken and mass loss is accounted for using the calibrations of Vassiliadis &
Wood (1993).
Perhaps the largest and most important difference between the two sets
of models is the treatment of the TP-AGB phase. In this phase, stars of 2-
3M alternate between hydrogen and helium shell burning which can cause
considerable change in the near-infrared luminosities of 1-3 Gyr populations
(Maraston, 2005; Marigo et al., 2008). The contribution of these stars to the
integrated light of an SSP largely depends on the treatment of stellar mass
loss during this phase. As mentioned above, there is no theory relating the
stellar mass loss to basic stellar parameters, therefore one must rely purely
on empirical calibration. Both BC03 and M11 models are calibrated on a
sample of Magellanic Cloud star clusters from Frogel et al. (1990), however
the former is calibrated to reproduce the maximum TP-AGB luminosity, and
the latter is calibrated to produce the fractional contribution of TP-AGB
to the total bolometric light. Although this difference may seem subtle,
this subsequently leads to much larger contributions from TP-AGB stars in
the M11 models compared to BC03. There are arguments in the literature
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both for and against such large contributions from these stars, however no
single consensus has been reached (Maraston et al., 2006; MacArthur et al.,
2010; Conroy & Gunn, 2010; Kriek et al., 2010). The additional contribution
translates into M11 models being redder for stellar populations aged between
0.2-2 Gyr. It was shown in Maraston et al. (2006) that this leads to the
derivation of systematically younger ages and smaller stellar masses than
what is found using BC03 models, an important caveat to bare in mind.
Recently, Baldwin et al. (2018) showed that although the models exhibit
differences in the infrared due to the varying contributions of TP-AGB, the
models are in reasonable agreement within the optical wavelength range. In
this thesis, I focus on fitting models to observational data within the optical
wavelength range and therefore the contrasting prescriptions implemented
in the models should not have any significant effect on my results.
2.2 FIREFLY: Fitting IteRativEly For Likelihood
AnalYsis
Investigating the stellar populations of galaxies across cosmic time allows us
to build up a picture of what processes drive their formation and evolution.
When a galaxy is observed spectroscopically, there are generally two ways to
derive stellar population properties. The first is to measure the individual
absorption features in a galaxy’s spectrum and compare them to values de-
rived from stellar population models. This approach is known as absorption
index fitting and has been incredibly useful in determining chemical abun-
dance ratios (Thomas et al., 2003; Gallazzi et al., 2005; Thomas et al., 2010)
and studying the age-redshift relation of galaxies, which has implications
for cosmology (Carson & Nichol, 2010). The second method known as full
spectral fitting, compares each flux point from the stellar population mod-
els to each flux point from the observed spectrum at the same wavelength,
finding the ‘best fit’ model (Cappellari & Emsellem, 2004; Cid Fernandes et
al., 2005; Ocvirk et al., 2006; Tojeiro et al., 2007; Chilingarian et al., 2007;
Noll et al., 2009; Chen et al., 2012; Conroy et al., 2014; Chevallard & Char-
lot, 2016). Full spectral fitting is a more expensive method computationally,
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but it allows one to incorporate the large amount of information available
in the galaxy spectrum from both the absorption features and the stellar
continuum shape.
The most common way to fit stellar population models to data is by
means of a statistical model fitting routine. There are a range of full spectral
fitting codes such as STARLIGHT (Cid Fernandes et al., 2005), VESPA To-
jeiro et al. (2007), pPXF (Cappellari & Emsellem, 2004), and STECKMAP
(Ocvirk et al., 2006) which have been used in the literature to derive galaxy
properties. One common problem that pervades the study of galaxy SEDs at
optical wavelengths however is that there are degenerate parameters such as
age, metallicity, and dust, which can mimic one another making the deriva-
tion of stellar population properties difficult. In an attempt to deal with
this issue, my research group in Portsmouth developed a new full spec-
tral fitting code called FIREFLY (Wilkinson et al., 2015; Wilkinson et al.,
2017). During my Ph.D., I have tested and contributed to the development
of FIREFLY as well as conducting scientific analysis with it3. In the next
few sections, I will provide a detailed overview of the code, its functionality,
and highlight the areas which I contributed to.
2.2.1 The Algorithm
FIREFLY is a full spectral fitting code that aims to minimise the χ2 statistic
between stellar population models and spectroscopic data in order to obtain
physical parameters of galaxies. The χ2 statistic is defined as:
χ2 =
∑
λ
(O(λ)−M(λ))2
E(λ)2
, (2.5)
whereO(λ) is the observed SED,M(λ) is the model spectrum and E(λ) is the
error spectrum. The code was developed to map out the inherent spectral
degeneracies in observational data, be fast enough to analyse millions of
galaxies, work well at low S/N , and explore the full likelihood parameter
space not just the minimum χ2. FIREFLY makes two assumptions. First,
it is assumed that a suitable SSP based fit can be found which can then
be combined with smaller proportions of other SSPs to produce a model
3The code is publicly available on the SDSS FIREFLY repository.
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Figure 2.5: Schematic diagram showing how the FIREFLY algorithm works.
This image was taken from Wilkinson et al. (2017).
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galaxy spectrum. The second assumption is that these combinations of SSP
can be combined via χ2 likelihood in order to give a physically realistic
star formation history. It should also be noted that using the χ2 statistic
to fit models to data involves making one key assumption about the data
itself; namely that an individual pixels flux and error are independent. This
statement is not necessarily true for spectroscopic data as there is significant
covariance between adjacent pixels. However, it was shown in Bolton &
Schlegel (2010) that for SDSS data (i.e the data used in this thesis) this
covariance is very small, of the order of the full width at half-maximum
(FWHM) of the instrument and detector. This means that statistically
accurate χ2 tests can be made when using the full spectrum fitting technique,
however this is a caveat to be aware of throughout this thesis.
Figure 2.5 shows the FIREFLY fitting procedure described in Wilkinson
et al. (2017). The unique approach of FIREFLY is that it uses an itera-
tive algorithm, which checks whether an SSPs χ2 value can be improved by
adding different SSP components with various luminosity contributions. At
each iteration, a selection of the best fits from both the one and the multiple
SSP fits are saved for the next cycle. This process continues until there is
no further improvement in χ2. This allows FIREFLY to return many other
solutions whose χ2 is close to the minimum χ20, allowing for a likelihood
surface with many maxima across a wide range of parameter space to be
constructed. Using this iterative method it is possible to obtain a very large
number of different solutions, each of which is an arbitrarily weighted, linear
combination of SSPs. For example, the number of solutions N is given by:
N = NbaseSSP × (NbaseSSP − 1)Niterations−1 . (2.6)
Consider a set of models containing 159 base SSPs and assuming the code
takes 4 iterations to converge, the number of potential solutions is 6.2 ×
108. In practice, the majority of these do not survive the iterations as they
don’t improve the initial fits. To allow for the number of SSPs used in each
linear combination to converge, each iteration must improve the previous
fit by a statistically significant amount which is governed by the Bayesian
Information Criterion (BIC, Liddle, 2007):
BIC = χ2 + k ln(n) , (2.7)
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where k is the number of fitting parameters (number of SSPs used) and n
is the number of flux points. The BIC adds a penalty term to the χ2 value
that scales linearly to the number of SSPs used. At each iteration ∆iBIC
must be less than 0, which means:
∆iχ
2 < ln(n) , (2.8)
must hold in order for the SSP to contribute to the fit4. Once the fitting
procedure has converged, which is usually after 4-5 iterations for spectra
with S/N ≥ 5, roughly 100 to 1000 model fits are returned, with each model
being constructed from an arbitrarily weighted, linear combination of SSPs.
The luminosity of each fit is then given by:
L(λ) =
NSSP∑
i
ωiLi(λ) , (2.9)
where ωi is the weight of SSP i, Li(λ) is the luminosity of SSP i, and NSSP
is the number of SSPs used.
2.2.2 Preprocessing the Data
There are a number of preprocessing steps that must take place before fitting
models to observational data. Firstly, FIREFLY must be provided with the
stellar velocity dispersion of the galaxy and spectral resolution of the data in
order to downgrade the models to a common resolution. This prevents poor
fitting and erroneous metallicity measurements (Koleva et al., 2008; Sánchez-
Blázquez et al., 2011; Wilkinson et al., 2015). In addition to this, emission
line features must be removed from the spectrum as these are generally not
included in the models. In Chapter 3, I describe the MaNGA data analysis
pipeline (DAP, Westfall et al., in prep) which I use to get both the velocity
dispersion and best fitting emission line model spectra for the MaNGA data
used in this thesis. The matching of spectral resolution between a model
and data in FIREFLY is done using an adapted version of the code used in
Thomas et al. (2013). To match the resolution, the discretely sampled flux
4Where ∆iBIC is taken to be the mean the value of the BIC at step i minus the value
at step i− 1. Hence, ∆ik = 1.
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Figure 2.6: Light- and mass-weighted ages and metallicities (denoted
LW/MW) obtained using FIREFLY on both the emission line cleaned and
emission line masked spectra. The correlation between the results is derived
using the Spearman’s Rank correlation coefficient defined in equation 3.9.
The red line highlights the 1-1 relation.
density f(λ) of a model is convolved with a Gaussian kernel g(λ), defined
as:
(f ∗ g)(λ) =
∫ ∞
−∞
f(Λ)
σ(Λ)
√
2pi
exp
(
−(λ− Λ)
2
2σ(Λ)2
)
dΛ , (2.10)
where Λ and σ(Λ) are the mean and standard deviation of the kernel, re-
spectively. The standard deviation is given by:
σ2(Λ) = σ2instr(λ) + σ
2
LOSVD − σ2model(λ) , (2.11)
where σinstr is the instrumental resolution, σLOSVD is the line-of-sight velocity
dispersion of the data provided by the DAP, and σmodel is the intrinsic
resolution of the models. Given the wavelength dependence of σ, the general
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convolution for the spectrum is obtained via direct summation using the
method described in Cappellari (2017). For a given wavelength element i,
and Gaussian kernel centred at Λj , the summation is given by:
(f ∗ g)(λi) =
∑
j f(λj)g(λi − Λj , σj)∑
j g(λi − Λj , σj)
, (2.12)
where the symbols have the same meaning as Equation 2.10. It is impor-
tant to note that the observational data is never downgraded. Therefore,
models with lower spectral resolution than the data will be directly used by
FIREFLY.
Should a user of FIREFLY not be able to provide an emission line model
for their data, I have implemented a module that masks the wavelength range
of specific emission lines (see Appendix D). A comparison between the two
methods for a sample of SDSS galaxies is shown in Figure 2.6. The median
difference between the ages and metallicities derived by the two methods
fluctuates around µX−Y = 0 dex, suggesting excellent agreement between
the two sets of results. There is some scatter around the 1-1 red line which
is of the order 0.2 < σX−Y < 0.3 dex, driven largely by low S/N spectra. I
adopt the masking approach when using FIREFLY to fit SDSS galaxies in
Chapter 3.
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Figure 2.7: Figure outlining the process FIREFLY uses to measure dust extinction. The left-hand panel shows a comparison
between the initial input spectrum (black) and spectrum produced after the High Pass Filter has been applied (red) to remove
the large scale continuum shape. The middle panel shows the best fit unfiltered model (red) and initial input spectrum data
(black). The right-hand panel shows the residual between the best fit unfiltered model and the initial input data (cyan), and
the smoothed attenuation curve derived from FIREFLY (red), which gives an E(B − V ) = 0.19. The derived attenuation
curve is then applied to all base models and these are then used to fit the original data, as described in Section 2.2.3.
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2.2.3 Dust Attenuation
Following the preprocessing of data and prior to fitting the model templates
to the data, FIREFLY takes into account galactic and interstellar reddening
of the spectra. Foreground Milky Way reddening is accounted for using the
dust maps of Schlegel et al. (1998) and the extinction curve from Fitzpatrick
(1999). The intrinsic dust attenuation of each galaxy is then determined
following an original procedure, fully described in Wilkinson et al. (2015),
which I summarise here. The central point to FIREFLY’s determination of
dust attenuation is that rather than assuming a pre-determined attenuation
curve, the code derives an attenuation law from the data itself. This follows
the notion that the continuum shape is distorted from its intrinsic shape by
dust attenuation5. The attenuation is calculated in the following way.
Initially, all SEDs (both base stellar population models and data) are
normalised to their total light and preprocessed using a ‘High Pass Filter
(HPF)’. The HPF uses an analytic function across all wavelengths to rectify
the continuum before deriving the stellar population parameters. This is
done using a window function applied to the Fourier transform of the spectra:
Fλ = fλ ⊗Wλ , (2.13)
where Fλ is the output flux, fλ is the input flux and Wλ = F−1Wk describes
which modes are removed by the Fourier filter. The window function Wk is
given by:
Wk =
{
0 : k ≤ kcrit
1 : Otherwise,
where kcrit is set to 40 in this thesis. This means that modes in the spec-
trum with fewer than 40 oscillations are removed and higher frequencies
pass through the filter unchanged. The value of kcrit was rigorously tested
in Wilkinson et al. (2015) on mock galaxy spectra and SDSS data, and the
value of kcrit = 40 was found to be appropriate for such data. As the analysis
in this thesis concerns mock galaxies, SDSS spectra and MaNGA data (part
of SDSS) this value is also adopted here.
5In addition to dust attenuation, flux mis-calibration will also alter the continuum
shape. However, this effect will be automatically accounted for in the dust attenuation
procedure described here.
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The rectified models are then fit to the rectified observed spectrum (using
the method described in Section 2.2.1) in order to derive the intrinsic stellar
population parameters of the best fit. The final best fit model in its original
form, i.e. non-rectified, is then compared to the original unfiltered data.
Any shape mismatch between the two is attributed to dust attenuation.
The offset between the HPF filtered data and the original unfiltered data
is calculated as a function of wavelength and then smoothed, allowing for
an attenuation curve to be deduced (see Figure 2.7 for visualisation of the
process). The derived attenuation curve is then applied to the base stellar
population models, which are then used to fit the original unfiltered input
data as explained in Section 2.2.1.
An alternative method to the HPF is to use model dust attenuation
curves instead. In FIREFLY, I have implemented three different dust laws
which assume a uniform dust screen across the whole galaxy, namely the
Calzetti et al. (2000), Allen (1973) and Bouchet et al. (1985) curves (see
Figure 2.8). While it has been shown that the use of the Calzetti curve is
generally applicable to SDSS surveys which are used in this work (Chevallard
et al., 2013; Pacifici et al., 2012), the curve has been mainly calibrated against
post-starburst galaxies. Therefore, FIREFLY allows the user to choose ei-
ther the HPF method or implement one of the other aforementioned dust
laws. For the purposes of this thesis, I use the standard FIREFLY HPF
method as it is very general. In Wilkinson et al. (2015) it was shown that
both the HPF method and the attenuation curves are in good agreement
when applied to mock galaxies, with the derived ages and metallicities dif-
fering by ∼0.02 dex.
2.2.4 Comparing the Solutions
FIREFLY uses equation 2.5 to test the goodness of fit of a model given
data. After the fitting is complete, a large range of models with χ2 val-
ues that are within a few percent of the minimum χ20 are obtained. The
relative probabilities of each fit can be calculated using the χ2 probability
distribution:
P (X = χ20) =
1
2k/2Γ(k2 )
X(k/2)−1 exp (−X/2) , (2.14)
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Figure 2.8: Example attenuation curves for a range of E(B − V ) between 0
and 1 for the three curves implemented in FIREFLY, namely the Calzetti
et al. (2000) (red), Allen (1973) (grey) and Bouchet et al. (1985) (orange)
curves. The Calzetti et al. (2000) curves have been calibrated on post-
starburst galaxies (SB), whereas Allen (1973) and Bouchet et al. (1985) are
determined from the Milky Way (MW) and Small Magellanic Cloud (SMC),
respectively.
where Γ is the gamma function, χ20 is the critical value of chi-squared, k is
the degrees of freedom which can be expressed as k = N − ν − 1, where N
is the number of data points and ν is the number of SSPs used. For full
spectral fitting k is large due to the wavelength range fitted. The central limit
theorem implies that the χ2 probability distribution can be approximated
very well by a normal distribution as k →∞ (Wilson & Hilferty, 1931):
P (X) =
1
σ
√
2pi
exp
(
−(X − µ)
2
2σ2
)
, (2.15)
where µ is the mean and σ the standard deviation which is fixed for all
model fits. Using this approximation, it is possible to compare likelihoods
of solutions with respect to the minimum χ20 by:
P(χ2i ) =
P (χ2i )
P (χ20)
=
exp
(−χ2i /2)
exp
(−χ20/2) . (2.16)
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The final solutions produced from FIREFLY can be expressed in two
ways, either as a sum of the fluxes of all solutions weighted by their likeli-
hoods:
F (λ) =
fits∑
i
P(χ2i )Fi(λ)∑fits
i P(χ2i )
, (2.17)
where Fi(λ) is the flux and P(χ2i ) is the relative likelihood of solution i (see
Figure 2.10 for example contour maps). Or alternatively, Gaussian profiles
can be fit to each of marginal distributions computed in equation 2.14 to
estimate the average property and error6 (see Figure 2.9 for example profiles).
The former enables one to map out the spectral degeneracies in the model fit,
whereas the latter provides a more simplistic way of presenting the results.
In Chapters 3, 4, and 5 of this thesis, I use the median µ and standard
deviation σ of these Gaussian profiles to determine the average property and
its corresponding error.
2.2.5 Light- and Mass-Weighted Properties
From the flowchart in Figure 2.5 it can be seen that the fluxes of the
models and the data are normalised before fitting. This is done to ensure
that the spectral shape and features are fit for the SSPs used, rather than
their contribution to the flux. This approach means that FIREFLY de-
rives ‘light-weighted’ quantities, ωLi . It is complementary however, to derive
mass-weighted properties from the best fit models. Whereas light-weighted
quantities can be affected by young stellar populations, mass-weighted prop-
erties tell us about the cumulative evolution of the galaxy. For single burst
star formation episodes the light- and mass-weighted quantities are similar,
thus differences between the two can be interpreted as extended episodes of
star formation (see Figure 2.10).
The standard output from FIREFLY provides the light contributions of
the SSPs to the best fit models, therefore the corresponding mass-to-light
ratio (M/L) can be used to obtain the mass-weight. The SDSS spectra used
in this thesis have flux measured in units of [erg/s/Å/cm2], whereas the
models of Maraston & Strömbäck (2011) have flux which is normalised to
6The errors produced here reflect both the random errors and the error inherent in
spectral degeneracies.
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Figure 2.9: Example likelihood distributions of light-weighted age, con-
structed from the array of best fits produced by FIREFLY for a sample
of 60 galaxies. The grey lines correspond to individual spectra, the orange
line shows the median value and the orange shaded region shows the standard
deviation. FIREFLY uses the median and 1σ interval of these distributions
to deduce the average stellar population property and its associated error.
1M7 giving it units of [erg/s/Å/M]. The factors of normalisation between
the models and the data can be obtained by:
NM/D =
∑
λ LSSPi∑
λ φData
, (2.18)
where LSSPi and φData are the fluxes of the model and the data, respectively.
The factors of normalisation are in units of [M/cm2]. In this thesis, the
summation in Equation 2.18 is calculated over the maximum common wave-
7It is important to note that this normalisation is not general and is specific to Maraston
& Strömbäck (2011) models. Should users of FIREFLY try other models such as those
by Bruzual & Charlot (2003) this factor will need to be accounted for.
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Figure 2.10: The top panels show example spectral fits of MaNGA galaxy
12− 129618 using Equation 2.17, for two different wavelength ranges. Both
panels show the spectral fits using the most likely solution (i.e lowest χ2) and
the fits obtained using the best fits from both the 1σ and 2σ set of solutions.
The bottom panels show the light- (left) and mass-weighted (right) star
formation histories obtained for this galaxy using the best fit, 1σ and 2σ
solutions respectively. The difference between light- and mass-weighted star
formation history does not appear to be significant, implying a relatively
short star formation period.
length range of the models and data. The mass-weights of each SSP are
then given by:
ωMi =
ωLi
NM/D
, (2.19)
in units of [cm2/M]. These weights are then used to derive the corre-
sponding mass-weighted properties. After calculating the mass-weights, the
galaxy’s stellar mass can be derived given a suitable cosmological model
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(Hinshaw et al., 2013, WMAP9). The flux of an object can be converted to
a luminosity using the following relation:
L = 4piD2Lφ , (2.20)
where DL is the luminosity distance. In a spatially flat ΛCDM universe, the
luminosity distance is given by:
DL =
c(1 + z)
H0
∫ z
0
dz′√
Ωr(1 + z′)4 + Ωm(1 + z′)3 + ΩΛ
, (2.21)
where Ωm, Ωr, ΩΛ are the energy densities corresponding to matter, radiation
and the cosmological constant, respectively. c is the speed of light in vacuum,
H0 is the Hubble constant and z is the redshift of the object. The stellar
mass of each SSP is then given by:
MSSPi = ω
M
i 4piD
2
L . (2.22)
The galaxy’s stellar mass can be obtained by summing all of SSP contribu-
tions to the model fit, e.g:
∑n
i=0MSSPi . The final output from FIREFLY
consists of light- and mass-weighted stellar population properties such as
age, metallicity defined as:
[Z/H] = log (Z/Z)− log (H/H) , (2.23)
E(B − V ), χ2 value of each solution, and the total stellar mass. As well as
this, I implemented a module in FIREFLY which enables the user the decom-
pose the total stellar mass into more detailed segments, such as contributions
from living stars, stellar remnants (black holes, white dwarfs, neutron stars)
and the gas that was ejected via stellar mass loss (discussed in Section 2.1.1).
The contributions depend on the initial mass function which is adopted in
the stellar population models, age and metallicity of the stellar population,
and also on the analytical prescriptions relating the initial stellar mass and
their product remnants (see Maraston, 1998, 2005, for a detailed review). In
Chapter 3 of this thesis I test the robustness of the output stellar population
properties produced by FIREFLY on a range of different datasets.
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2.3 Sciama - The Portsmouth Supercomputer
The vast majority of the analysis presented in this thesis was executed on the
University of Portsmouth’s supercomputer ‘Sciama’ (SEPNET Computer In-
frastructure for Astrophysical Modelling and Analysis). The supercomputer;
which was named after British physicist Dennis Sciama (1926-1999), accom-
modates a combined 3702 computer cores on three separate clusters (Sciama
I, Sciama II and Sciama III). Throughout my Ph.D., I ran the full spectral
fitting code FIREFLY on Sciama II8 to analyse the spectroscopic data pre-
sented in Chapters 3, 4, and 5 of this thesis. On average, it takes FIREFLY
roughly 1 minute9 to fit a set of stellar population models to a spectrum
with a signal-to-noise ratio of 10. In Chapter 3, I analyse 930,000 galaxies
spanning a wide range of signal-to-noise ratios from the SDSS DR7 using
FIREFLY. In addition to this, I vary the input stellar population models.
Clearly, the execution time of such analysis is exceedingly large and would
not be feasible on just a single computer. To address this issue, I developed
a number of Python codes which have allowed me to parallelise FIREFLY
and run the code on many of Sciama’s cores at the same time. These codes
significantly decreased the execution time of my analysis and allowed me to
complete the analysis of SDSS DR7 data in roughly a week (utilising half
of Sciama II). The parallelisation scheme was also tremendously important
to the creation of the MaNGA value added catalogue (VAC), as the large
number of spectra produced from IFU observations can prove to be a real
challenge from a data analysis standpoint. In Section 3.6, I analyse 2777
galaxies10 with IFU observations from the MaNGA survey (Bundy et al.,
2015) using FIREFLY and my own code to measure absorption indices. The
latter of which, incorporates numerical integration and thousands of Monte
Carlo simulations. The scalability of my Python codes ensured that such
analysis could be completed in a reasonable time frame.
8Sciama II contains 1536 computer cores, each of which has 4 gigabytes of memory.
9Example based on a MacBook Air with an 1.6GHz dual-core Intel Core i5 processor.
10The number of spectra to be analysed per IFU scales with increasing IFU size. On
average, each IFU observation of a galaxy will have ∼1000 spectra.
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2.4 Summary
In this chapter, I have introduced the field of stellar population modelling.
I discussed the key ingredients that go into the creation of a stellar popula-
tion model, namely stellar tracks, a stellar library and the IMF, as well as
examining the technique of evolutionary population synthesis. I then pre-
sented the newly developed full spectral fitting code FIREFLY, highlighting
the main workings of the code and the output stellar population properties
which are used for scientific analysis throughout this thesis. Lastly, I in-
troduced the Portsmouth supercomputer and explained how I created codes
that allowed me to utilise Sciama’s large computing power and optimise the
execution time of my scientific analysis. In Chapter 3, I conduct a series of
tests to assess the robustness of the stellar population properties determined
by FIREFLY and apply the code to brand new IFU data in order to create
the MaNGA FIREFLY VAC.
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Chapter 3
Testing and Applying the Full
Spectral Fitting Method
Comparing theoretical models to observational data is very important for
studies of galaxy evolution. In Chapter 2, I introduced the field of stellar
population modelling (SPM) and the newly developed full spectral fitting
code FIREFLY. In order to check the codes ability to accurately recover
stellar population properties, we conduct a series of rigorous tests using a
combination of mock galaxy spectra, globular cluster data (GC, Schiavon et
al., 2005) and galaxy spectra from the SDSS data release 7 (DR7, Abazajian
et al., 2009). There are a number of motivations for the choice of such data.
First, the stellar population properties derived by FIREFLY from mock
galaxies can be directly compared to the input model parameters which are
known a priori. This provides a sanity check that the underlying algorithm
is working appropriately. Secondly, GCs have independent determinations
of their properties from CMD fitting and stellar spectroscopy, and therefore
provide an excellent calibration tool. Lastly, the data set from the SDSS
DR7 is very large consisting of ∼1 million galaxies, each of which has stellar
population properties derived from other full spectral fitting codes, such as
STARLIGHT (Cid Fernandes et al., 2005). This allows the dependence of
stellar population properties on full spectral fitting routine to be investigated.
The work presented in Sections 3.2, 3.3 and 3.4 of this chapter was originally
published in Wilkinson et al. (2017).
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Figure 3.1: Image showing the age-metallicity plane covered by the three
template libraries, MILES (top left-hand panel), ELODIE (top right-hand
panel) and STELIB (bottom panel) taken from Maraston & Strömbäck
(2011). The striped regions highlight areas where there is limited wavelength
coverage.
This chapter is organised in the following manner: Section 3.1 describes
the three stellar libraries used to create the Maraston & Strömbäck (2011)
models which are used throughout this thesis. Sections 3.2 and 3.3 present
initial tests of FIREFLY on mock galaxy spectra covering a range of simple
and complex star formation histories. FIREFLY is then applied to GC data
and galaxies from the SDSS DR7 in Section 3.4. I provide a synopsis of all
of the aforementioned results in Section 3.5. In Section 3.6, I introduce the
MaNGA survey and apply FIREFLY to brand new IFU data in order to
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produce the MaNGA FIREFLY value added catalogue. Lastly, I provide
a summary of this chapter in Section 3.7. Throughout this chapter, the
effective radius (Re) of each galaxy is measured from SDSS photometry by
performing a Seŕsic fit in the r-band. When quoting luminosities, masses
and distances, we make use of a flat ΛCDM cosmology with Ωm = 0.3 and
H0 = 67 km−1 s−1 Mpc−1 (Planck Collaboration et al., 2015).
3.1 Stellar Population Models
In this chapter, we use the stellar population models of Maraston & Ström-
bäck (2011) (hereafterM11) which are based on three different empirical stel-
lar libraries, namely MILES (Sánchez-Blázquez et al., 2006; Falcón-Barroso
et al., 2011), STELIB (Le Borgne et al., 2003) and ELODIE (Prugniel
et al., 2007). In each case, the energetics of the models are kept fixed al-
lowing for an additional investigation into the effect of stellar libraries on
the derivation of stellar population properties. The MILES library contains
985 stars with a wavelength coverage of 3500-7429Å and an almost constant
spectral resolution of 2.5Å. It has good coverage of metal rich and metal
poor populations (albeit only for old ages), allowing exploration of a wide
range of parameter space. STELIB has the smallest metallicity coverage
out of the three models and is constructed from 249 stars. The library has
a spectral resolution of 3Å and has the largest wavelength range spanning
up to 9300Å for solar metallicity stars. For sub- and super-solar metallicity
stars, the wavelength coverage is limited to 6800Å. ELODIE is constructed
from 1388 stars and boasts the highest spectral resolution of all the libraries,
0.55Å. Similar to MILES, ELODIE spans to ultra-low metallicities, how-
ever the coverage is more sparse. The age and metallicity coverage of each
of the models is shown in Figure 3.1.
All of the libraries used in this work lack M-type dwarf stars, and carbon
and oxygen stars, the latter of which are important for the TPAGB phase.
To account for dwarf stars,M11 models use spectra from theMARCS stellar
library (Gustafsson et al., 2008) which consists of 52,000 theoretical stellar
atmospheric models covering a broad range of Teff and log(g). The MARCS
stellar library has very high spectral resolution of 0.1Å and so the spectra are
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Library Wavelength Coverage Age Coverage Metallicity Coverage Resolution
(Å) (Myr) [Z/H] (Å)
MILES 3500-7429 6.5-15000 [−2.3,−1.3,−0.3, 0.0,+0.3] 2.5
STELIB 3201-7900 30-15000 [−0.3, 0.0,+0.3] 3
ELODIE 3900-6800 3-15000 [−2.3,−0.3, 0.0,+0.3] 0.55
Table 3.1: Wavelength, resolution, age, and metallicity coverage of the three
template libraries MILES, STELIB and ELODIE, used in this thesis.
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Figure 3.2: Example Maraston & Strömbäck (2011) model SSP spectra of
varying ages based on the three different template libraries MILES (black),
STELIB (grey), and ELODIE (red).
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Figure 3.3: Comparison between the S/N (per pixel) of the simulated galaxy
spectra in Section 3.2, compared to real observational data at three different
S/N thresholds. The S/N distribution obtained using observational data is
more skewed compared to simulated spectra, highlighting the limitations of
our analysis.
smoothed to the resolution of the respective template library that they are
being combined with. For carbon and oxygen stars, interpolated versions of
the low resolution spectra from Lançon &Wood (2000) are used. Throughout
the analysis in the next few Sections, we use models that are based on a
Salpeter (1955) IMF. Table 3.1 provides a summary of the age, metallicity,
and wavelength coverage of the models. In Figure 3.2, I show example model
spectra from the three sets of models, spanning a range of different ages.
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Figure 3.4: Recovery of light-weighted properties (left-hand panel- age, right-
hand panel- metallicity, centre panel- mass) of SSP models perturbed to
mimic 8 different S/N values. Each point is the median fitted value for the
100 Monte Carlo realisations, with error bars plotted as the 68 percentile
(i.e. 1σ). Tests refer to MILES-based M11 models, solar metallicity with a
Salpeter IMF, at the full available wavelength range available.
3.2 Mock Galaxies: Simple Stellar Populations
We begin the testing of FIREFLY using mock galaxy spectra based on the
M11 MILES SSP models, which consist of a single population of stars and
have solar metallicity. I use all of the model spectra that are available within
the age range of 65 Myr to 10 Gyr. For each individual age, I generate a
series of 100 mock spectra spanning a range of 8 different S/N thresholds
between 1 ≤ S/N ≤ 100 (defined across the whole fitted wavelength range).
This is done via Monte Carlo simulations applying a Gaussian perturbation
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to each flux point, FSSP(λi), with a flat S/N , described mathematically as:
FMock(λi) = N
(
FSSP(λi),
[
φSSP
S/N
]2)
, (3.1)
where FMock(λi) is the individual flux point of the mock galaxy, FSSP(λi)
is the flux point of the input SSP, N(µ, σ2) is the normal distribution with
mean µ and variance σ2, φSSP is the mean flux over the fitted wavelength
range of the spectrum and S/N is the input signal-to-noise. The broad range
of S/N levels is purposely selected with two aims in mind; first, to check how
well FIREFLY works at low S/N which was one of the motivations of the
code discussed in Section 2.2.1, and secondly, it allows different kinds of ob-
servational spectroscopic data to be mimicked, such as modern IFU or high
redshift data. It is important to highlight at this point that the sophistica-
tion of the simulations is somewhat limited in scope. This is because they
have been created based on theoretical models in which each individual flux
and error pixel is independent, which as mentioned in Section 2.2.1, is not
necessarily true for observational spectroscopic data. Therefore, the values
of S/N presented below will be slightly overestimated compared to the true
S/N of observational data (see Section 3.6.4 and Figure 3.3), a caveat that
must be acknowledged. Incorporating the issue of correlated pixels would re-
quire far more detailed simulations of the data reduction process of a survey,
which is beyond the scope of this thesis.
For the first piece of analysis, no dust reddening is applied to the in-
put mock spectra. Figure 3.4 shows the recovered light-weighted age (top
left-hand panel), metallicity (top right-hand panel) and stellar mass (centre
panel) as a function of the input age. Each data point corresponds to the
median property recovered for the 100 Monte Carlo realisations, with error
bars corresponding to the 1σ deviation of the distribution. The horizontal
line at y = 0 highlights perfect recovery of input properties. Overall, the re-
sults are very positive, with all of the properties being recovered well for all
ages at S/N ≥ 10. The accuracy of the properties recovered increases in tan-
dem with S/N , which is expected. For the lowest signal-to-noises (S/N ≤ 5)
the recovery is still very good, although age-metallicity degeneracy effects
seem to kick in with younger ages and higher metallicities being derived,
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Figure 3.5: Recovered mass-weighted age (left-hand panel) and metallicity
(right-hand panel) of dust free composite stellar population, with τ = 0.1
Gyr.
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Figure 3.6: As above, but with τ = 1 Gyr.
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Figure 3.7: As above, but with τ = 10 Gyr.
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particularly at intermediate and old ages. The discrepancies are of the order
0.2 dex, which is incredibly small for these low S/N ratios. The results found
here are very encouraging as I have allowed FIREFLY the full freedom to
fit linear combinations of SSPs and also allowed for the inclusion of dust,
which in all cases was found to be negligible.
3.3 Mock Galaxies: Extended Star Formation His-
tories
Although SSPs provide a good opportunity to test the robustness of an
algorithm, it is important to assess how well the code holds up in more
realistic scenarios. In this next section, we study a class of extended star
formation models commonly known as τ -models (Bruzual A., 1983). In τ -
models, the star formation rate Φ(t, τ) is described as Φ(t, τ) ∝ exp(−t/τ)
for t > 0, where t is the time coordinate with the beginning of star formation
occurring at t = 0, and τ is the characteristic decay time. Hence, larger
values of τ lead to more extended periods of star formation in a galaxy.
These models are commonly used in the literature as a realistic description of
star formation when fitting to a variety of galaxy data (Longhetti & Saracco,
2009; Lee et al., 2010). The time dependence of star formation can also be
derived theoretically, assuming that the gas density governs the rate at which
new stars are formed within a closed system (Schmidt, 1959). In the following
exercise we investigate three different decay times (τ = 0.1, 1, 10 Gyr), 24
different times t after star formation, ranging between 0.01 ≤ t ≤ 10 Gyr, and
four different dust extinction values to the spectra (Av = 0, 0.4, 1, 3) using a
Calzetti dust law1. My approach follows in exactly the same way as before,
allowing FIREFLY to run freely and fit spectra covering a range of different
S/N values produced by Monte Carlo simulations, as in Equation 3.1. This
time however, we assess the accuracy of the results by looking at the derived
mass-weighted stellar population properties, reconstructed star formation
histories, and the recovered dust values.
1It is important to note that I transform the Av extinction values into E(B − V )
values, as the latter are the standard output for FIREFLY. The two are related by
E(B − V ) = Av/Rv, where Rv = 4.05± 0.80 from the Calzetti law.
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Figures 3.5, 3.6, and 3.7 show the recovered age and metallicity when
Av = 0 for the three different τ decay times. Figure 3.8 shows the recov-
ered stellar mass, respectively. All symbols have the same meaning as in
Figure 3.4. From Figures 3.5, 3.6, and 3.7, we see good recovery of the age
and metallicity of the mock input spectra for the range of different τ models.
For the shortest τ (see Figure 3.5) the recovery of mass-weighted age and
metallicity is excellent for S/N ≥ 10. This is as expected as the spectrum
of a composite stellar population with a short τ is very close to an SSP.
There is a good correlation between the scatter on the derived properties
(e.g. error bars) and the τ model used, with larger τ generally having larger
error bars. This is because more extended star formation histories allow
extra room for degeneracies to creep in, hence the properties become more
difficult to recover. In all three figures, we observe a slight ‘kink’ in the
recovered properties around 1-3 Gyr, where the age-metallicity degeneracy
is evident. This difference does get smaller as the S/N increases however,
emphasising the benefits of high S/N spectra when trying to break these
spectral degeneracies. For the lowest S/N levels, we once again see that the
oldest age populations prove difficult to recover, with FIREFLY slightly
underestimating the age and overestimating the metallicity. This effect is
of the order 0.3 dex for S/N = 5, which is slightly bigger than what was
found in the SSP case. Lastly, in Figure 3.8 we see that the stellar mass
is generally well recovered at S/N ≥ 5, with any trends in mass primarily
mirroring those in age. This effect is due to the age evolution of the M/L
ratio.
Figures 3.9, 3.10, and 3.11 show the recovered mass-weighted properties
for the three different τ models and a range of different dust values, Av =
0.4, 1, 3. In this analysis, we only compare the stellar population properties
obtained for two different signal-to-noise ratios, S/N = 5 and S/N = 20.
I additionally include the results obtained for Av = 0 to enable the reader
to quickly compare and evaluate the effect of reddening on the recovered
results. Each data point corresponds to the median recovered property for
the 100 Monte Carlo realisations, with shaded regions corresponding to the
1σ deviation.
At the highest S/N threshold, and for the lowest two dust values [E(B−
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Figure 3.8: Recovered stellar mass of dust free composite stellar population
with τ = 0.1 Gyr (left-hand panel), τ = 1 Gyr (right-hand panel), and
τ = 10 Gyr (centre panel).
V ) ≤ 0.1], we see that all properties are recovered well nearly independent
of τ . At the highest dust values however [E(B − V ) ≥ 0.25], we see that
the recovery of the stellar population properties degrades somewhat. This
effect is then amplified with increasing values of τ , with the youngest ages
being overestimated and the reddening being underestimated. An example
of the age-dust degeneracy. The stellar metallicity appears to be the most
robustly recovered property in most cases, although this may be due to the
fact that the mocks are only calculated for solar metallicity. Stellar mass
is generally well recovered, however the accuracy primarily depends on the
determination of age. For the highest dust value [E(B − V ) = 0.75] we see
that the stellar population properties become much more difficult to recover.
It is worth noting however that E(B − V ) values this high are quite rare in
the local Universe (García-Marín et al., 2009) and one may be better suited
67
−1.0 −0.5 0.0 0.5 1.0−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
S/N = 5 E(B − V ) = 0
−1.0 −0.5 0.0 0.5 1.0−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
S/N = 20 E(B − V ) = 0
−1.0 −0.5 0.0 0.5 1.0−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
S/N = 5 E(B − V ) = 0.1
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
S/N = 20 E(B − V ) = 0.1
−1.0 −0.5 0.0 0.5 1.0−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
S/N = 5 E(B − V ) = 0.25
−1.0 −0.5 0.0 0.5 1.0−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
S/N = 20 E(B − V ) = 0.25
−1.0 −0.5 0.0 0.5 1.0−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
S/N = 5 E(B − V ) = 0.75
−1.0 −0.5 0.0 0.5 1.0−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
S/N = 20 E(B − V ) = 0.75
log(Age(Gyr)) Input
A
ge
D
iff
er
en
ce
,O
u
tp
u
t
−
In
p
u
t
(l
og
(G
y
r)
)
−1.0 −0.5 0.0 0.5 1.0−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
S/N = 5 E(B − V ) = 0
−1.0 −0.5 0.0 0.5 1.0−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
S/N = 20 E(B − V ) = 0
−1.0 −0.5 0.0 0.5 1.0−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
S/N = 5 E(B − V ) = 0.1
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
S/N = 20 E(B − V ) = 0.1
−1.0 −0.5 0.0 0.5 1.0−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
S/N = 5 E(B − V ) = 0.25
−1.0 −0.5 0.0 0.5 1.0−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
S/N = 20 E(B − V ) = 0.25
−1.0 −0.5 0.0 0.5 1.0−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
S/N = 5 E(B − V ) = 0.75
−1.0 −0.5 0.0 0.5 1.0−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
S/N = 20 E(B − V ) = 0.75
log(Age(Gyr)) Input
M
et
al
lic
it
y
D
iff
er
en
ce
,O
u
tp
u
t
−
In
p
u
t
(d
ex
)
−1.0 −0.5 0.0 0.5 1.0−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0
S/N = 5 E(B − V ) = 0
−1.0 −0.5 0.0 0.5 1.0−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0
S/N = 20 E(B − V ) = 0
−1.0 −0.5 0.0 0.5 1.0−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0
S/N = 5 E(B − V ) = 0.1
−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0
S/N = 20 E(B − V ) = 0.1
−1.0 −0.5 0.0 0.5 1.0−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0
S/N = 5 E(B − V ) = 0.25
−1.0 −0.5 0.0 0.5 1.0−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0
S/N = 20 E(B − V ) = 0.25
−1.0 −0.5 0.0 0.5 1.0−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0
S/N = 5 E(B − V ) = 0.75
−1.0 −0.5 0.0 0.5 1.0−2.0
−1.5
−1.0
−0.5
0.0
0.5
1.0
1.5
2.0
S/N = 20 E(B − V ) = 0.75
log(Age(Gyr)) Input
M
as
s
D
iff
er
en
ce
,O
u
tp
u
t
−
In
p
u
t
(M
¯)
−1.0 −0.5 0.0 0.5 1.0
−0.2
−0.1
0.0
0.1
0.2 S/N = 5 E(B − V ) = 0
−1.0 −0.5 0.0 0.5 1.0
−0.2
−0.1
0.0
0.1
0.2 S/N = 20 E(B − V ) = 0
−1.0 −0.5 0.0 0.5 1.0
−0.2
−0.1
0.0
0.1
0.2 S/N = 5 E(B − V ) = 0.1
−0.2
−0.1
0.0
0.1
0.2 S/N = 20 E(B − V ) = 0.1
−1.0 −0.5 0.0 0.5 1.0
−0.2
−0.1
0.0
0.1
0.2 S/N = 5 E(B − V ) = 0.25
−1.0 −0.5 0.0 0.5 1.0
−0.2
−0.1
0.0
0.1
0.2 S/N = 20 E(B − V ) = 0.25
−1.0 −0.5 0.0 0.5 1.0
−0.2
−0.1
0.0
0.1
0.2 S/N = 5 E(B − V ) = 0.75
−1.0 −0.5 0.0 0.5 1.0
−0.2
−0.1
0.0
0.1
0.2 S/N = 20 E(B − V ) = 0.75
log(Age(Gyr)) Input
E
(B
−
V
)
D
iff
er
en
ce
,O
u
tp
u
t
−
In
p
u
t
(m
ag
)
Figure 3.9: Recovered mass-weighted age, metallicity, reddening E(B − V )
and stellar mass, for input composite stellar populations including intrinsic
reddening, with E(B − V ) = 0, 0.1, 0.25, 0.75, and for two signal-to-noise
thresholds of 5 (left-hand panels) and 20 (right-hand panels). This figure
refers to a τ = 0.1 Gyr exponentially-declining star formation history.
using other parts of the SED rather than the optical to do their science. It is
also important to note that reddening seems systematically underestimated
for the youngest ages at the two highest dust values. This limitation will be
explored in future developments of the FIREFLY code in which dust may
be fit as another free parameter.
In the final piece of analysis, we discuss the reconstructed star formation
histories produced by FIREFLY. I do this by looking at the mass-weighted
contributions of SSPs to the output solutions. Due to the complex nature
of spectral fitting and its inherent degeneracies, one may be able to derive
median stellar population properties (such as age) that agree with input
parameters (as above), however this may be due to a fortunate mixing of the
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Figure 3.10: Same as Figure 3.9, but for τ = 1 Gyr.
parameters going into the fit. By looking at the reconstructed star formation
history, it is possible to see if the code is deriving plausible astrophysical
results.
Figures 3.12 and 3.13 show the reconstructed star formation histories
in terms of SSP weights as a function of mass-weighted age. Each subfigure
contains results for the shortest and longest τ models, three reddening values
(which increase from left to right), and overlaid is the analytic star formation
history, Φ(t, τ) ∝ exp(−t/τ), plotted as a red dashed curve. Each double
plot refers to a different S/N threshold (top = 5, middle = 20, bottom =
50). For the plots showing 1 Gyr since the start of star formation, one
should expect to find only populations younger than this, and for 10 Gyr
since the start of star formation, one should expect a larger spread in ages
at the largest τ . Reassuringly, these trends are visible in the majority of
the plots. The recovery of the input star formation history is very good
at S/N = 20, for both short and long τ , and for the range of reddening.
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Figure 3.11: Same as Figure 3.9, but for τ = 10 Gyr.
At S/N = 50, the recovery is excellent for the shortest τ , independent of
reddening and formation epoch. In Figure 3.13, it is pleasing to see the
change in distribution of star formation (SSP weight) between the short and
long τ . There are some cases however, where the fraction of SSPs formed
are not in precise agreement with the smooth curve (most evident in long
τ models), but the range of possible ages is matched reasonably well. It
should be emphasised however, that a long τ coupled with high reddening is
expected be very difficult to reproduce.
3.4 Observational Data
As mentioned previously, GCs, either in the Milky Way or Magellanic clouds,
are excellent calibration methods for fitting codes as there are opportunities
to compare the stellar population properties derived with independent deter-
minations based on CMD fitting or stellar spectroscopy for chemical abun-
70
0.0
0.2
0.4
0.6
0.8
1.0
τ = 0.1Gyr E(B − V ) = 0.0 τ = 0.1Gyr E(B − V ) = 0.25 τ = 0.1Gyr E(B − V ) = 0.75
−1.0 −0.5 0.0 0.5 1.00.0
0.1
0.2
0.3
0.4
τ = 10Gyr E(B − V ) = 0.0
−1.0 −0.5 0.0 0.5 1.0
τ = 10Gyr E(B − V ) = 0.25
−1.0 −0.5 0.0 0.5 1.0
τ = 10Gyr E(B − V ) = 0.75
log(Age(Gyr))
S
S
P
W
ei
gh
t
0.0
0.2
0.4
0.6
0.8
1.0
τ = 0.1Gyr E(B − V ) = 0.0 τ = 0.1Gyr E(B − V ) = 0.25 τ = 0.1Gyr E(B − V ) = 0.75
−1.0 −0.5 0.0 0.5 1.00.0
0.1
0.2
0.3
0.4
τ = 10Gyr E(B − V ) = 0.0
−1.0 −0.5 0.0 0.5 1.0
τ = 10Gyr E(B − V ) = 0.25
−1.0 −0.5 0.0 0.5 1.0
τ = 10Gyr E(B − V ) = 0.75
log(Age(Gyr))
S
S
P
W
ei
gh
t
0.0
0.2
0.4
0.6
0.8
1.0
τ = 0.1Gyr E(B − V ) = 0.0 τ = 0.1Gyr E(B − V ) = 0.25 τ = 0.1Gyr E(B − V ) = 0.75
−1.0 −0.5 0.0 0.5 1.00.0
0.1
0.2
0.3
0.4
τ = 10Gyr E(B − V ) = 0.0
−1.0 −0.5 0.0 0.5 1.0
τ = 10Gyr E(B − V ) = 0.25
−1.0 −0.5 0.0 0.5 1.0
τ = 10Gyr E(B − V ) = 0.75
log(Age(Gyr))
S
S
P
W
ei
gh
t
Figure 3.12: Recovery of star formation history for input mocks with τ = 0.1
and 10 Gyr (upper and lower rows, respectively), 1 Gyr after the start of
star formation, as a function of reddening, increasing from left to right, for
three S/N ratios. Red dashed lines show the input SFHs as smooth curves.
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Figure 3.13: As Figure 3.12, but for 10 Gyr after the start of star formation.
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dances (Renzini & Fusi Pecci, 1988). In this section, I use publicly available
globular cluster data from Schiavon et al. (2005). The sample consists of
40 globular clusters, observed over the wavelength range 3350-6430Å, with
spectral resolution of 3.1Å. The globular cluster data covers a wide range of
cluster parameters, such as metallicity, horizontal branch morphology, and
galactocentric distance, as well as a range of S/N . Therefore the sample
is fairly representative of the galactic globular cluster population enabling
maximal exploration of the parameter space.
In addition to this, the SDSS DR7 data (Abazajian et al., 2009) provides
a very large statistical sample of ∼930, 000 galaxies, observed over the wave-
length range 3800-9200Å, with a spectral resolution of 2.76Å. The galaxy
sample covers a wide range of morphological types; such as star forming
galaxies with emission lines and red quiescent galaxies, a broad distribution
of signal-to-noise spectra, and a range of different redshifts (0 < z < 0.5).
As mentioned previously, this sample of galaxies has been widely used in
the literature so it provides an opportunity to compare properties derived
by FIREFLY to ones commonly used in scientific analysis, such as those
derived from STARLIGHT.
Although STARLIGHT is a χ2-minimisation code, there are several dif-
ferences between itself and FIREFLY. First, STARLIGHT models dust as
a foreground parameterised by the V -band extinction Av, whereas FIRE-
FLY derives the extinction from the data itself. Secondly, STARLIGHT
searches for the minimum χ2 in a different way and uses a simulated anneal-
ing plus Metropolis-Hastings scheme. The minimisation consists of a series
of 6 likelihood guided Metropolis explorations of the parameter space. Each
iteration increases the weight assigned to the base SSP models, gradually al-
lowing the scheme to focus on the most likely region in parameter space and
avoiding the possibility of getting trapped in local minima. Lastly, the light-
weighting is calculated over a very small wavelength range of 4020Å, whereas
this is calculated over the whole fitted wavelength range in FIREFLY.
In the following sections when using FIREFLY to fit models toGC data,
models are downgraded using the spectral resolution information provided
in Schiavon et al. (2005). For SDSS DR7 data, emission lines are masked
during fitting using the module discussed in Section 2.2.2, and the models are
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Figure 3.14: Fits and stellar population contours of two example globular
clusters, NGC 5286 and NGC 6528 from Schiavon et al. (2005). Measure-
ments from CMD fitting show NGC 5286 is very metal-poor, whereas NGC
6528 is approximately half-solar in [Z/H]. FIREFLY using M11-MILES is
able to reproduce their properties remarkably well.
downgraded using the velocity dispersions derived in Thomas et al. (2013)
and the spectral resolution information from Smee et al. (2013).
3.4.1 Testing of Age and Metallicity Derivation with Glob-
ular Clusters
Figure 3.14 shows example spectral fits and derived star formation histories
for two globular clusters, namely NGC 5286 and NGC 6528. It is clear to see
that both objects are approximated by old ages and sub-solar metallicities,
with NGC 5286 being significantly more metal-poor. The average stellar
population properties for each object are NGC 5286: Age = 11.8 Gyr,
[Z/H] = −1.8 and NGC 6528: Age = 11.2 Gyr, [Z/H] = −0.33. These
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Figure 3.15: Light-weighted age (left-hand panel) and metallicity (right-
hand panel) derived from FIREFLY with M11-MILES models compared
to results obtained with another spectral fitting code (red points, from Koleva
et al. (2008)) or to literature values which are independent of SED fitting
procedures (blue points). The latter refer to CMD isochrone fitting in case
of ages (left-hand panel), or stellar spectroscopy in case of metallicity (right-
hand panel).
results are in good agreement with the determinations derived from CMD
fitting, which give NGC 5286: Age∼12 Gyr, [Z/H] = −1.73 and NGC
6528: Age∼10 Gyr, [Z/H] = −0.20. One caveat with this comparison is that
Thomas et al. (2003) found NGC 6528 to be enhanced in [α/Fe], whereas
the M11 models used in this work are solar scaled at higher metallicities.
In order to do a more statistically sound comparison, I compare the light-
weighted ages and metallicities derived from FIREFLY to literature values
for the Schiavon et al. (2005) GCs that are tabulated in Koleva et al. (2008).
Multiple observations of certain GCs lead to a total of 60 observed spectra.
In cases where there is no CMD derivation, the values derived in Koleva et
al. (2008) from their full spectral fitting code NBursts (Chilingarian et al.,
2007), based on the Pegase-HR models (Le Borgne et al., 2004), are used. It
is important to emphasise that only a qualitative comparison of the spectral
fitting results of Koleva et al. (2008) is provided, as the stellar population
models and code are different. The impact of changing model and fitting
code on stellar population properties will be discussed in detail in Chapter 4
of this thesis. The results of this comparison can be seen in Figure 3.15.
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The left-hand panel of Figure 3.15 shows the derived light-weighted age,
where the red points correspond to the results from Koleva et al. (2008) and
the blue points are from CMD fitting. Overall, there is a significant scat-
ter about the 1-1 relation (red line) between the FIREFLY derived values
and the ones obtained from CMD fitting. For log(Gyr) ≥ 0.9, there is some
agreement between the studies in the sense that they all fit the globular clus-
ters with old stellar populations. However, there is no significant correlation
between the absolute value of the light-weighted ages which are derived. For
log(Gyr)≤ 0.85, the discrepancies between the results become slightly larger.
These points could potentially correspond to globular clusters with multiple
populations, or they could be hosting blue horizontal branches2. Overall, the
Koleva et al. (2008) SED fitting results have mildly more scatter than the
CMD points. In the right panel of Figure 3.15 we show the light-weighted
metallicities where there is much better agreement. The blue symbols corre-
spond to values derived using stellar spectroscopy. The results in Schiavon
et al. (2005) are expressed in terms of [Fe/H], rather than total metallicity
[Z/H]. In order to account for this, I converted the globular cluster values
using the scaling relation in Thomas et al. (2003):
[Fe/H] = [Z/H]− 0.94[α/Fe] , (3.2)
which leads to a shift by ∼0.3 dex. We can see from the figure that fol-
lowing this conversion, the metallicity derived from FIREFLY appears to
be in excellent agreement with results from both stellar spectroscopy (blue
symbols) and Koleva et al. (2008) at the highest metallicities. At the very
lowest metallicities the scatter does increase about the 1-1 relation, however
there is clearly still a good correlation.
3.4.2 Testing of Age and Metallicity Derivation with SDSS
DR7
Figure 3.16 shows the derived light- and mass-weighted properties for the
whole SDSS DR7 sample consisting of ∼930,000 galaxies, and the corre-
sponding reduced chi-squared distributions of the fits for the three different
2In this work, I have used the M11 MILES red horizontal branch models.
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templates libraries discussed in Table 3.1. The reduced chi-squared is defined
as:
χ2Red =
χ2
ν
, (3.3)
where ν is the number of degrees of freedom, which in this case is the num-
ber of wavelength points and the χ2 is calculated as in equation 2.5. In this
section, we provide an overview of the results obtained for SDSS DR7 sam-
ple as a whole, however, the full set of individual light- and mass-weighted
properties, dust values, χ2, and the SSP weights for each individual galaxy
can be found on the FIREFLY webpage.
We begin by discussing the light-weighted properties (left-hand panels).
Both M11-MILES and M11-ELODIE models find a bimodal distribution
in age at the highest metallicities (solar or above), with an old metal rich
population being accompanied by an intermediate age, solar metallicity pop-
ulation. In addition to this, both models find evidence for a young/metal rich
component and old/metal poor component. Interestingly, this feature is not
seen for the STELIB based models where a broader unimodal distribution
is found. This is mainly due to the fact that the STELIB models lack the
extension down to low metallicities (see Figure 3.1), and as a consequence
derive a wider spread in age solutions compared to the other two models.
For mass-weighted properties (centre panels), all three models find that DR7
galaxies are dominated by an old (∼12 Gyr), high metallicity component (so-
lar or above), plus minor components at intermediate ages. ELODIE based
models find a non-negligible contribution from an old, metal poor popula-
tion also. From these results, it is clear to see that the input stellar library
affects the determined values of both the age and metallicity of a galaxy.
The right-hand panels of Figure 3.16 show the reduced chi-squared distri-
butions (χ2Red) of all of the spectral fits for the DR7 galaxies. In all cases,
the χ2Red distributions are very similar and have median values of 1.27, 1.25,
and 1.28 for MILES, STELIB and ELODIE-based models, respectively.
The differences are driven by a small number of galaxies (with no specific
characteristic properties) fitting somewhat more poorly for ELODIE-based
models compared to the others, and STELIB-based models having slightly
more galaxies with lower reduced chi-squared. Clearly in this case, the χ2Red
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Figure 3.16: The likelihood-weighted sum of all SSP contributions from all galaxies in the SDSS DR7 survey, as a function
of empirical stellar library model ingredient, by light (i.e. flux) (left-hand panels) or by stellar mass (centre panels). Each
contour represents the fractional weight of stellar population solutions in that part of age-metallicity space. A natural neighbour
interpolation algorithm has been used to smooth the distributions. Corresponding reduced chi-squared distribution are found
in the right-hand panels.
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would not be a good discriminator in deciding which combination of model
and template library to use. Doing so could result in spurious interpretations
of galaxy properties.
As a last check of the results, we compare the light-weighted properties
with those obtained by the full spectral fitting code STARLIGHT, based
on Bruzual & Charlot (2003) STELIB based models (hereafter BC03). To
ensure a robust analysis, we conduct the comparison using the results ob-
tained for the M11-STELIB combination above. This is to ensure there are
no additional second order effects arising from the use of a different stellar
library. In Figure 3.17, I plot density contours of the ∼930, 000 galaxies from
directly cross matching the results obtained by both codes. We see that - in
spite of different fitting methodology and input model - the main clustering
of light-weighted age points (left-hand panel) between STARLIGHT and
FIREFLY is close to the 1-1 relation at the oldest ages. For metallicity
(right-hand panel), there is a wider spread in the distribution, but overall
there is excellent agreement between the two studies with a median differ-
ence of µX−Y = −0.07, and scatter of σX−Y = 0.25. It is important to note
that there are differences however. In the light-weighted age plot (left-hand
panel), the extension down to low ages is flatter in FIREFLY compared
to STARLIGHT, suggesting either that STARLIGHT is more sensitive to
small star formation episodes in the star forming sample, or that the BC03
models fit for younger ages compared to M11 models. The discrepancy be-
tween the youngest ages leads to an overall difference and scatter in age of
µX−Y = −0.23 and σX−Y = 0.20, respectively. In Chapter 4, I present a
further comparison between the stellar population properties obtained with
both FIREFLY and STARLIGHT, swapping the underlying stellar popu-
lation models between the codes, aiming to further understand the interplay
between fitting procedure and model.
3.5 Conclusions
In this section, I have presented a series of robust tests on the full spectral fit-
ting code FIREFLY using a series of mock galaxy spectra and observational
data. These tests are highly informative as they allow us to understand lim-
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Figure 3.17: Comparison of the light-weighted age (left-hand panel) and
metallicity (right-hand panel) obtained for the DR7 sample using both
FIREFLY M11 STELIB (y-axis) and STARLIGHT BC03 STELIB (x-
axis). The black dashed line represents the 1-1 correlation, and the colour
scale highlights the density of points.
itations of the code and investigate how the derived parameters change as a
function of properties such as S/N . For mock galaxies, I generated Monte
Carlo simulations of SSPs and CSPs for a range of different S/N thresholds,
dust attenuation, and star formation histories. At S/N ≥ 10 the recovery
of stellar population properties for SSP spectra is excellent. For CSPs with
small to moderate dust attenuation, properties are recovered with excellent
precision regardless of τ at S/N = 20. Higher dust attenuation and longer
τ does cause problems for the code, with the youngest ages being under-
estimated and the dust being overestimated. This is a clear limitation of
the FIREFLY dust procedure and will be addressed in future developments
of the code. Overall, metallicity is the most accurately recovered property.
Trends in the recovered age are mirrored by those in stellar mass due to the
evolution of the M/L ratio. Reconstructed SFHs of mock galaxies provide
very pleasing results. FIREFLY can clearly distinguish between short and
long star formation periods, for both intermediate and old ages. The ac-
curacy of this does degrade with S/N and dust somewhat, but largely the
results are very positive.
I further analysed two sets of observational data, namely GCs from Schi-
avon et al. (2005) and data from the SDSS DR7 (Abazajian et al., 2009).
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In general, the ages and metallicities derived from the GC data are in good
qualitative agreement with those obtained from CMD fitting and stellar
spectroscopy. This result is satisfying to see, and any significant scatter can
be attributed to factors such as the adopted stellar tracks in the CMD fit,
horizontal branch morphology, and the different stellar population models
used. When fitting stellar population models to SDSS spectra, we used
models based on three different template libraries MILES, ELODIE and
STELIB. The analysis in Figure 3.16 highlights the effect of stellar library on
the physical interpretations of a galaxy population. MILES and ELODIE
find a bimodal distribution of intermediate/old metal rich galaxies, with an
additional contribution of old metal poor galaxies being seen. Due to the
coarser metallicity grid, STELIB finds a unimodal distribution of interme-
diate age, high metallicity galaxies with a much larger spread in age. The
results obtained using the STELIB based models were then compared to
those derived from STARLIGHT using BC03 models. We found excel-
lent agreement between the metallicities derived by the two codes, with a
median difference and scatter of µX−Y = −0.07 and σX−Y = 0.25, respec-
tively. The ages derived from the two codes are in good agreement for the
oldest populations, but significantly diverge when analysing younger popu-
lations. This produces a median difference and scatter of µX−Y = −0.23
and σX−Y = 0.20. The true cause of this offset is not known, but may be
attributed to the difference between M11 and BC03 models discussed in
Chapter 2, STARLIGHT’s increased sensitivity to young populations, or
simply due to the different light-weighting procedures used in the codes.
Overall the results presented here suggest that FIREFLY is able to
accurately recover stellar population properties for multiple different data
sets. The code works well at varying S/N thresholds and can reasonably
determine the SFHs of both simple and complex galaxy populations. Given
this information, users of FIREFLY should feel confident when deriving
stellar populations properties from observational data.
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3.6 The MaNGA Value Added Catalogue (VAC)
The SDSS collaboration holds yearly data releases in which large amounts
of proprietary SDSS data becomes public. The collaboration releases spec-
troscopic and photometric data, stellar abundance determinations from the
Milky Way, and value added catalogues (VACs). VACs can be created
by institutions who are members of the SDSS, such as the University of
Portsmouth, and members of these institutions create catalogues related to
their specific scientific research. Motivated by the scientific analyses con-
ducted in Chapters 4 and 5 of this thesis, my research group at Portsmouth
led by Professor Daniel Thomas created a VAC for the most recent data
release of the SDSS (DR14, Abolfathi et al., 2017) focusing on the spatially
resolved stellar population properties of galaxies from the MaNGA survey
(Bundy et al., 2015). The MaNGA FIREFLY VAC as it it known, is pub-
licly available and can be found at the following url: http://www.sdss.org/
dr14/manga/manga-data/manga-firefly-value-added-catalog/. The cat-
alogue contains measurements of optical absorption line-strengths, as well as
the physical properties age, metallicity, dust, and mass of each galaxy. To
complement the spatially resolved information, global properties such as cen-
tral age, age at 1 Re, and radial gradients are also provided. In order to create
the VAC, a number of processes and initial quality control checks must be
passed. In the next few sections, I will provide a detailed overview of these
processes and additionally describe my contribution to the construction of
the VAC.
3.6.1 Design and Quality Control
The SDSS is carried out by an international collaboration of hundreds of
scientists at dozens of institutions. As a result of this, many pieces of pro-
prietary software have been developed over the lifetime of the survey to
help with data management and public data releases. In order to store the
plethora of data from the survey, the SDSS relies heavily on resources and
support from the University of Utah’s Centre for High-Performance Com-
puting. To maintain the software, the SDSS uses an open-source versioning
and revision control system called Subversion (svn). Before releasing a VAC
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to the scientific community, the file must pass through a number of vetting
stages which require a combination of code situated on the Utah cluster,
software hosted on the svn system, and direct dialogue with members of the
SDSS team. To have access to the Utah cluster, one must register for an
account using the affiliate form provided on the SDSS internal wiki webpage.
In order to use the codes available on the svn system, one must clone the
firewalled DR14 repository using the following command:
svn checkout https://svn.sdss.org/repo/sdss/datamodel/branches/dr14 .
To ensure that these processes work on a local computer3, the following envi-
ronmental variables must be added to either the .bashrc or .bash_profile:
$PATH="dr14/bin/:$PATH" and $PYTHONPATH="dr14/python/:$PYTHONPATH" .
Once all of the infrastructure above has been set up, an initial data model
of the VAC can be created. The data model must contain information
describing the content, format (such as units and data type), and limita-
tions of the scientific analysis that is planned to be released. The Python
script datamodel_stub.py on the DR14 svn takes in a flexible image trans-
port system (fits) file as an argument and outputs a hypertext markup lan-
guage (HTML) file of the data model. To create our data model, I ran
datamodel_stub.py on a fits file which had exactly the same structure as
the VAC we intended to produce, but which contained no scientific analysis.
Following the construction of the data model, the next step is to send it
to the MaNGA data products committee (DPC) for validation. This stage
required a considerable amount of private communication between myself,
Professor Daniel Thomas, Dr. Joel Brownstein, Dr. Anne-Marie Weijmans
and the DPC, and also demanded several iterations of the data model design
to ensure it was of high quality.
Following approval of the data model, the full catalogue can be created
including the complete set of scientific analysis. To assess the functionality
and quality of the scientific content in the VAC, the full file is then sent
back to the DPC and preliminary checks are carried out to confirm that
the results being disseminated are of SDSS quality. Our stellar population
3I used a MacBook Air with an 1.6GHz dual-core Intel Core i5 processor.
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properties (stellar ages, metallicities and masses) were analysed by Professor
Eric Emsellem and Dr. Renbin Yan. After the DPC have completed their
preliminary checks and found no issues with the VAC, it can be transferred
over to the Utah cluster where the final stage of testing can occur. In this last
step, the VAC is required to pass fits verification. This is done using the code
fitsverify.c, which rigorously checks whether a fits data file conforms to
the requirements of Version 3.0 of the fits standard. Should the file produce
errors when running fitsverify.c, one must go back and edit/adjust the
VAC file accordingly. If no errors are produced, the VAC is ready to be made
public and is staged in an appropriate location on the Utah cluster.
For our VAC, we provide a single fits file (manga-firefly-v2_1_2.fits)
of roughly 4 gigabytes containing a wide range of stellar population prop-
erties. The file can be found at the following url: http://www.sdss.org/
dr14/manga/manga-data/manga-firefly-value-added-catalog/ and the
finalised data model is presented in Appendix C. In addition to the single
VAC file, our stellar population analysis is also hosted on the SDSS Cat-
alogue Archive Server (CAS) and provided in three smaller fits files (see
Appendix C). The CAS provides a querying platform in which users can
crossmatch between scientific analysis derived in different catalogues from
DR14 and previous data releases of the SDSS. To make this possible, I had
to adapt the format of our VAC file using the IDL code fits2csv.pro on
the Utah cluster. This script takes in a fits file as an argument and outputs
a comma-separated value (CSV) file. The output CSV file was then loaded
onto the CAS by Dr. Manu Taghizadeh-Popp and Dr. Ani Thakar ready for
public use.
3.6.2 Observations and Data
To create the scientific content of the VAC, we selected an initial sample
of 2778 galaxies from the MaNGA survey (Bundy et al., 2015) equivalent
to SDSS DR14. The MaNGA survey is part of the fourth generation of
the SDSS and aims to obtain spatially resolved information of 10,000 nearly
galaxies (median redshift z∼0.03) by 2020. The MaNGA galaxy sample is
divided into a ‘primary’ and ‘secondary’ sample, following a 2:1 split. The
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‘primary’ sample observes a galaxy’s optical extension out to 1.5 Re, whereas
the ‘secondary’ sample observes galaxies out to 2.5 Re. MaNGA uses five
different types of IFU, with sizes that range from 19 fibres (12.5′′ diameter)
to 127 fibres (32.5′′ diameter), to optimise these observations. Fibre bundle
size and galaxy redshift are selected such that the fibre bundle provides the
desired radial coverage (see Wake et al. (2017) for further details on sample
selection and bundle size optimisation and Law et al. (2015) for observing
strategy). Each fibre has a diameter of 2′′ and is fed into the highly sensitive
BOSS spectrograph (Smee et al., 2013; Drory et al., 2015) which is attached
to the Sloan 2.5-m telescope (Gunn et al., 2006; Yan et al., 2016a). The
BOSS spectrograph provides extensive coverage in two different wavelength
channels (3600Å to 10300Å) with spectral resolution R∼2000 (R∼1600 at
4000Å & R∼2300 at 8500Å). Typical integration times are 2-3 hours, con-
sisting of 15-minute individual exposures dithered by roughly a fibre radius
along the vertices of an equilateral triangle to ensure uniform coverage across
each IFU. Each galaxy observed by the MaNGA survey is characterised by
a unique MaNGA identifier (MaNGA Id), and corresponding MaNGA plate
and IFU combination which was used to observe the galaxy. In order to
make it easy for users to cross match the stellar population results from our
VAC with other catalogues, we provide all of this information, along with
redshifts and stellar masses, in the first extension of the VAC. The obser-
vational data was reduced using the MaNGA DRP (Law et al., 2016a) and
then analysed using the MaNGA DAP (Westfall et al., in prep). I concisely
highlight some of the important steps below.
3.6.3 Data Reduction Pipeline (DRP)
Firstly, using a row-by-row algorithm the individual fibre flux and inverse
variance are extracted and then wavelength calibrated using a sequence of
Neon-Mercury-Cadmium arc lines. Flat-field corrections are computed using
internal quartz calibration lamps. For sky subtraction, a cubic basis spline
model is constructed using the background flux seen by 92 individual fibres
that are placed on blank regions of the sky. The model is then subtracted
from the resulting composite spectrum and shifted to the native wavelength
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solution of each fibre. Flux calibration is performed using the MaNGA 7 fi-
bre mini-bundles. This procedure differs from that applied to the Prototype-
MaNGA (P-MaNGA) work (Wilkinson et al., 2015; Li et al., 2015; Belfiore
et al., 2015), where the flux calibration was performed by fitting Kurucz
(1979) model stellar spectra to the spectra of calibration standard stars cov-
ered with single fibres at each of the three dither positions. Flux calibration
vectors differed by up to 10% from exposure to exposure; however, using the
7 fibre IFU mini-bundles results in a ∼1% photometric uncertainty (Yan
et al., 2016a). Combining the flux-calibrated spectra from the blue and the
red cameras across the dichroic break is done using an inverse weighted basis
spline function. Astrometric solutions are derived for each individual fibre
spectrum that incorporate information about the IFU bundle metrology (lo-
cation of fibre, dithering and atmospheric chromatic differential refraction,
among other effects). The individual fibre spectra from all exposures for a
given galaxy are then combined into a single data cube using the astromet-
ric solution and a nearest neighbour sampling algorithm. The spatial pixel
(spaxel) size of the final data cube is 0.5′′.
3.6.4 Data Analysis Pipeline (DAP)
The MaNGA data analysis pipeline (DAP) is the main survey-level software
package that analyses the DRP-reduced data cubes to provide properties
such as stellar kinematics and emission/absorption-line fluxes. The devel-
opment of the DAP is ongoing and a detailed discussion of the DAP, its
algorithms, products, and robustness will be provided in a forthcoming pa-
per. Here, we used version 2.1.2 of the DAP to provide a number of inputs
required for running the full spectral fitting code FIREFLY (see Section 2.2).
First, spectra are combined in the data cube to reach a minimum S/N ratio
of 10 in the r-band (5600.1-6750.0Å) using the Voronoi binning algorithm
of Cappellari & Copin (2003). Given that the data cubes are generated by
redistributing flux from fibres with a Gaussian FWHM of ∼2.5′′ into 0.5′′
spaxels, there is significant covariance between adjacent spaxels (for a more
detailed discussion of this see Law et al., 2016b). This fact is critical to the
binning algorithm and covariance is taken into account for the calculation of
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the resulting S/N ratio of the binned spectrum. The DAP applies a simple
calibration of the S/N that approximately accounts for this covariance (see
also Husemann et al., 2013):
S/NAdjusted =
S/NNC
1 + 1.62 log(Nb)
, (3.4)
where S/NAdjusted is the S/N corrected for covariance, S/NNC is the nomi-
nally calculated S/N and Nb is the number of spaxels in the binned spectrum.
The use of FIREFLY (see Chapter 2) requires two additional inputs pro-
vided by the DAP; measurements of the stellar velocity dispersion (σ) and
fits to the strong nebular emission lines. The determination of the stellar ve-
locity dispersion is done using the Penalised Pixel-Fitting (pPXF) method of
Cappellari & Emsellem (2004). During the fit, all emission lines are masked
and the stellar continuum is fit using a subset of theMILES library (Sánchez-
Blázquez et al., 2006) as the spectral templates. Rather than using the full
library, the DAP splits the library into a 12 × 12 × 12 grid in log(Teff),
[Fe/H] and log(g) space, and selects a single stellar template from each grid
cell. This selection yields 219 templates. The spectral resolution of the
modified MILES library is correctly matched to the MaNGA data using the
DRP-provided spectral resolution measurements and the method discussed
in Section 2.2.2. In detail, the application of pPXF to the binned spectra
adopts a 6th order multiplicative polynomial and describes the line-of-sight
velocity distribution (LOSVD) as a Gaussian parameterised by the velocity,
V , and velocity dispersion, σ. It should be mentioned that a comparison of
the velocity dispersion measurements with those from the DiskMass survey
(Martinsson et al., 2013) for a small subset of galaxies revealed a bias in the
measurement close to the spectral resolution limit, which, however, does not
drastically impact the properties derived in the VAC, or in Chapters 4 and 5
of this thesis.
Finally, the DAP fits individual Gaussians to the strong nebular emission
lines after subtracting the best-fitting stellar-continuum model from pPXF.
The best-fitting parameters for all the fitted lines [OII], [OIII], [OI], Hα, Hβ,
[NII], and [SII] are used to construct an emission-line only model spectrum
for each binned spectrum. These models are subtracted from the binned
spectra to produce emission-free spectra for analysis using FIREFLY. Al-
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though additional weak emission lines may be present in the binned spectra,
such as Hδ, they are not sufficiently strong to affect the best-fit parameters
provided by FIREFLY (see Wilkinson et al., 2017).
3.6.5 Construction of the VAC
One galaxy (MaNGA Id:1-95990) did not successfully complete the DAP
Voronoi binning process and was excluded from the VAC entirely, leaving a
sample of 2777 galaxies spanning a range of redshifts, morphologies, masses
and environments from both the primary and secondary MaNGA sample.
For each MaNGA galaxy, I carried out two separate pieces of analysis: one
involved fitting the IFU data with FIREFLY to derive stellar population
properties, and the other involved working in collaboration with my colleague
Taniya Parikh to calculate absorption index values in a galaxy’s spectrum.
As discussed in Chapter 2, these two approaches are complementary when
trying to characterise the stellar populations in a galaxy.
Stellar Population Properties from FIREFLY
For the FIREFLY analysis, I fit the spectrum from each Voronoi bin with
theM11-MILES stellar population models with a Kroupa (2001) IMF. This
provides light- and mass-weighted ages, metallicities, dust, stellar masses and
surface mass densities, enabling the production of stellar population maps
such as the ones found in Figure 3.18. All of these results are located in
extensions 5-12 of the VAC. In addition to maps, we also provide global
properties similar to what would be obtained using SDSS single fiber spectra.
This was done in two different ways. First, I combined all spaxels within a
3′′ aperture and derived an ‘integrated’ quantity from the flux weighted sum
of the spaxels as follows:
P =
∑n
i=0 FiPi∑n
i=0 Fi
, (3.5)
where Fi is the median flux in the r-band of spaxel i, Pi is the derived stellar
population property for spaxel i and n is the number of spaxels within the
3′′ aperture. Covariance between adjacent spaxels is not taken into account.
This effect is expected to be relatively small however and, should not effect
the derived quantities significantly. Secondly, I calculated the flux-weighted
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Figure 3.18: Example maps for the MaNGA galaxy, MaNGA-Id: 12-129618,
observed with one of the 127 fiber IFUs. The top row (from left to right)
shows the SDSS image of the galaxy and the light-weighted age map. The
middle row shows the mass-weighted age and light-weighted metallicity. The
bottom row shows the mass-weighted metallicity and the corresponding sur-
face mass density map.
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properties of each galaxy within an elliptical shell at 1 Re with a width
±0.1 Re (corrected for inclination and position angle). It was shown in
González Delgado et al. (2014) that the properties obtained at 1 Re are a
good proxy for the properties obtained within a 3′′ aperture.
As discussed in Chapter 1, the luxury of having spatially resolved spec-
troscopic data is that we can study the radial gradients of stellar populations
in a galaxy, which can provide hints towards the formation and evolutionary
processes of galaxies. In Chapters 4 and 5 of this thesis, I investigate the
radial gradients and spatially resolved star formation histories of MaNGA
galaxies from the first year of survey observations. For the VAC, I provide
newly derived radial gradients of light- and mass-weighted stellar population
properties. The gradients are characterised through zero point, slope, and
their errors. The gradients are measured linear in radius within 1.5 Re, with
units of dex/Re, via maximum likelihood estimation (MLE) by fitting a lin-
ear model to the stellar population properties derived on each Voronoi bin
of the 2-dimensional map (see Section 4.2.4 for a detailed discussion on the
construction of the gradients). Errors on the gradient are calculated using
a Markov Chain Monte Carlo (MCMC) sampler (Foreman-Mackey et al.,
2013). The global and gradient quantities can be found in extensions 2 and
3 of the VAC, respectively.
Absorption Index Measurements
The second part of my analysis involved measuring the strength of absorp-
tion features in each of the MaNGA galaxies spectra. An example of an
absorption ‘index’ and its corresponding absorption index map can be found
in Figure 3.19. There are a number of these indices located at different
wavelengths across the galaxy spectrum. For the purposes of our VAC, I
calculated 28 indices in total using both the Lick Index system (Worthey et
al., 1994) and other features such as D4000, Dn4000 and CaHK (Bruzual A.,
1983; Balogh et al., 1999; Serven et al., 2005). The Lick Index system was
defined by the Lick Group in Worthey et al. (1994) for 21 absorption fea-
tures, with a further 4 higher order Balmer indices being added in Worthey
& Ottaviani (1997). The original 21 features were refined in Trager et al.
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Figure 3.19: An example absorption feature (left-hand panel) showing
the feature boundaries (grey) and its corresponding blue and red pseudo-
continua bandpasses. This is the NaD index for a randomly chosen spec-
trum from a MaNGA galaxy (MaNGA-Id: 12-129618). The right-hand panel
shows the absorption index map for the galaxy.
(1998) using better wavelength calibrated spectra, and I use these definitions
to calculate the index values (listed in Appendix E). Unlike emission lines,
where the equivalent width is measured against a true continuum, absorption
features are calculated against a pseudo-continuum due to significant velocity
dispersion broadening of features. To measure indices at the MaNGA resolu-
tion, I required velocity dispersion measurements and emission line cleaned
spectra from the DAP. In general, indices are measured in two ways. For
broad molecular features, the indices are measured as magnitudes:
Mag = −2.5 log
((
1
λ2 − λ1
)∫ λ2
λ1
FIλ
FCλ
dλ
)
. (3.6)
For narrow atomic lines, the indices are measured as equivalent widths using:
EW =
∫ λ2
λ1
(
1− FIλ
FCλ
)
dλ , (3.7)
where λ1 and λ1 mark the boundaries of the feature pass-band, FIλ and
FCλ are the fluxes per unit wavelength of the feature pass-band and pseudo-
continuum respectively. For the so called ‘band head’ indices, such as D4000
and Dn4000, the integration is computed slightly differently with the flux
being converted to units of frequency, Fν , as oppose to wavelength, Fλ. The
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definition provided in Bruzual A. (1983) is as follows:
D4000 =
〈FR〉
〈FB〉 =
(λB2 − λB1 )
(λR2 − λR1 )
∫ λR2
λR1
Fνdλ∫ λB2
λB1
Fνdλ
, (3.8)
where 〈FB〉 and 〈FR〉 are the flux in the blue and red passbands, and λB1 , λB2 ,
λR1 , λR2 are the minimum and maximum wavelength range for the blue and
red pseudo-continua, respectively. In order to calculate these indices, I de-
veloped an algorithm that computes these integrals using the Trapezium rule
and also calculates the errors on the individual measurements using Monte
Carlo simulations. Each flux point Fi is perturbed by a normal distribu-
tion N(µ, σ2), with variance corresponding to the error, i, associated with
that pixel. The index is then remeasured on this newly generated spectrum.
This process is iterated 1000 times, eventually building up a distribution
of absorption index measurements, in which the standard deviation of the
distribution gives the error on the index. Some flux points with erroneous
values of i led to inaccurate determinations of the error on an index. To
account for this, my colleague Taniya Parikh and I visually inspected the
error distributions of each index for 15 MaNGA galaxies. By looking at the
error distributions, we defined an empirical cut-off for each index, beyond
which, the associated error could not be trusted and was set to not a number
(NaN).
The absorption index measurements provided in the VAC are also cor-
rected for velocity dispersion broadening. As mentioned in Section 1.2, due
to the dispersion in motion of stars in a galaxy, the absorption features
in a spectrum can become diluted and any index measurements calculated
on the spectrum will likely underestimate the ‘true’ strength of the index
(Kuntschner, 2004; Thomas et al., 2010). To correct for this, the follow-
ing method was employed. First, the stellar population parameters (age
and metallicity) determined from the best fit FIREFLY model were used
to select an approximately equivalent SSP from the M11 MILES template
library with Kroupa (2001) IMF. Absorption indices were then calculated
on this ‘clean’ SSP spectrum, and on a version of the SSP which had been
convolved to the resolution and the velocity dispersion of the MaNGA data
(as measured by the DAP). Dividing these two measurements gives the ap-
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propriate correction factor. As this is a relative correction factor, it does
not matter that approximate SSP models were used rather than the actual
reconstructed CSP output by FIREFLY. I apply these correction factors to
the majority of indices: they are multiplicative except for the higher order
Balmer indices and indices measured in magnitudes which are additive (the
factor can be ignored for the band head indices). For example, Mgb must be
corrected by ∼20% at 300km/s (Kuntschner, 2004). The index corrections
were calculated by my collaborator Taniya Parikh based on the FIREFLY
output that I had produced. I provide this correction factor in the VAC
along with the already corrected index and it’s corresponding error. These
results can be found in extensions 13-40 of the VAC.
To analyse the robustness of the absorption index measurements I had
produced, I compared the measurements from the VAC with those produced
by the MaNGA DAP. The absorption indices calculated by the DAP are
not publicly available at present but will be released in future SDSS data
releases. Figure 3.20 shows the comparison for the four absorption indices
Dn4000, Hβ, Mgb, and NaD obtained for a single MaNGA galaxy (MaNGA
Id: 12 − 129618). I calculated the correlation between the measurements
using the Spearman’s rank correlation coefficient, denoted here ρSp, and
given mathematically by:
ρSp =
∑
i(xi − x¯)(yi − y¯)√∑
i(xi − x¯)2
√∑
i(yi − y¯)2
, (3.9)
where xi and yi are the ranks of measurement. Overall, the results are very
positive and there is clear correlation between the measurements provided by
my code and the ones produced by the DAP. The Dn4000 and NaD indices
have the highest ρSp. The average difference and scatter between the two
measurements are µX−Y = 0.01, σX−Y = 0.01 and µX−Y = 0.02Å, σX−Y =
0.08Å, respectively. The Mgb index also has a high correlation (ρSp = 0.87),
with average difference and scatter of µX−Y = −0.01Å, σX−Y = 0.05Å. Vi-
sually, the Hβ measurements appear to be in very good agreement with one
another, even though a lower correlation is found compared to the others
(ρSp = 0.58). The average difference and scatter in the measurements is
µX−Y = −0.01Å, σX−Y = 0.06Å. The subtle differences that arise between
the measurements are largely down to the adopted definition of the contin-
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Figure 3.20: Comparison between the index measurements obtained using
the code I developed and the ones provided by the MaNGA DAP for the four
indices, Dn4000, Hβ, Mgb, and NaD. The black points represent individ-
ual Voronoi cells in the galaxy and the red line represents the 1-1 relation.
Overall, there is excellent agreement between the results.
uum and masking of bad pixels due to observational errors. The latter is
implemented in the DAP, meaning that for some galaxies a large fraction of
the absorption feature will be used to calculate the index, rather than the
whole wavelength range specified in the index definitions.
3.7 Summary
In this chapter, I tested the ability of FIREFLY to accurately recover stellar
population properties. This was firstly done with mock galaxies consisting
of a wide range of ages, dust extinction and S/N , and covering both simple
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and complex star formation histories. Overall, FIREFLY recovers galaxy
properties well down to S/N ≥ 10, with accuracy improving in tandem
with increasing S/N . For complex star formation histories and moderate
dust, the code recovers age, metallicity, mass and dust remarkably well at
S/N = 20. Longer star formation histories and high dust prove challenging
for the code, leading to more scatter in the derived properties. Metallicity
however, is generally well recovered. In addition to this, the code is able to
distinguish between short and extended star formation periods, enabling rea-
sonably accurate recovery of the star formation history. The code was then
applied to observational data of GCs and galaxies from the SDSS DR7.
For GCs, the results obtained by FIREFLY are in good agreement with
those from CMD fitting and stellar spectroscopy. The analysis of SDSS
galaxies highlighted the effect of stellar library on the derived stellar popula-
tion properties, with models based on STELIB giving significantly different
results to those of MILES and ELODIE. We then compared the output
results using M11 STELIB to those derived from the full spectral fitting
code STARLIGHT, finding good agreement in metallicity but differences
between the derived quantities at the youngest ages. Lastly, I introduced
the MaNGA VAC, explaining my contribution to its development and the
scientific analysis it contains. I described the MaNGA DRP and DAP which
were used to reduce and analyse the observational data, and the tools used to
derive stellar population properties and measure absorption line-strengths.
I additionally provided tests which showed that my absorption index code
produces comparable results to those obtained by the MaNGA DAP. In
Chapter 4, I use MaNGA data and FIREFLY to investigate the spatially
resolved star formation histories of galaxies as a function of galaxy mass and
type.
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Chapter 4
Spatially resolved star
formation histories in galaxies
as a function of galaxy mass
and type
As discussed in Chapter 1, large spectroscopic surveys such as the SDSS
have enabled significant insight into the formation and evolution of galaxies.
The limitations of these surveys are that they only sample small sub-regions
of the galaxy defined by the light collecting slit, thus averaging over spa-
tial detail. Modern IFU surveys such as SAURON (de Zeeuw et al., 2002),
DiskMass (Bershady et al., 2010), ATLAS3D (Cappellari et al., 2011), CAL-
IFA (Sánchez et al., 2012) and SAMI (Allen et al., 2015) have allowed spa-
tially resolved studies of stellar populations at unprecedented detail. IFU
surveys such as MaNGA (Bundy et al., 2015) will offer unparalleled statisti-
cal power to the scientific community in coming years. The MaNGA survey
initially began with a prototype survey P-MaNGA (Wilkinson et al., 2015;
Li et al., 2015; Belfiore et al., 2015) before becoming fully operational in
2014 at the beginning of my Ph.D. The purpose of this chapter is to inves-
tigate the spatially resolved star formation histories and radial properties of
galaxies using the first year of observations from the MaNGA survey. We
explore how these properties change as a function of galaxy mass and type,
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as well as quantifying how much the derived properties depend upon the
adopted stellar population models and full spectral fitting code. All of the
work presented here was originally published in Goddard et al. (2017b).
This chapter is organised in the following manner: Section 4.1 recaps
the reduction/analysis of the MaNGA data and explains the method used
to determine galaxy morphology. Section 4.2 describes the approach we use
to obtain radial gradients of stellar population properties, and in Section 4.3
we compare these results to those obtained from the full spectral fitting code
STARLIGHT. In Section 4.4, we investigate the impact of beam smearing
on the gradients. Section 4.5 presents the derived gradients and star for-
mation histories for early- and late-type galaxies, as well as addressing their
dependencies on mass. In Section 4.6 we discuss these results and provide
comparisons to the literature, and in Section 4.7 I provide a summary of the
chapter. Throughout this chapter, the redshifts and stellar masses quoted
are taken from the Nasa Sloan Atlas catalogue (NSA, Blanton et al., 2005).
The effective radius (Re) of each galaxy is measured from SDSS photometry
by performing a Seŕsic fit in the r-band. When quoting luminosities, masses
and distances, we make use of a flat ΛCDM cosmology with Ωm = 0.3 and
H0 = 67 km−1 s−1 Mpc−1 (Planck Collaboration et al., 2015).
4.1 Observations and Data
In this work, we select an initial sample of 806 primary sample galaxies
(observed out to 1.5 Re) from the MaNGA data releaseMPL4 that were ob-
served during the first year of operation (equivalent to the public data release
SDSS DR13, SDSS Collaboration et al., 2016). The distribution of redshifts
for the galaxies in this work and the corresponding colour-magnitude diagram
can be seen in Figure 4.1. Galaxies with Mi brighter than −21.5 mag have
lower physical resolution due to the increasing redshift of the sample. The
observational data was reduced using the MaNGA DRP (Law et al., 2016a)
and then analysed using the MaNGA DAP (Westfall et al., in prep). In this
work, we use version 1.1.1 of the DAP to combine spectra in the data cube
to reach a minimum S/N ratio of 5 in the r-band (5600.1-6750.0Å) using the
Voronoi binning algorithm of Cappellari & Copin (2003). It is important to
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Figure 4.1: Characterisation of the MaNGA galaxy sample used in this work.
The left-hand panel shows a colour-magnitude diagram for the 806 MaNGA
galaxies used in this work. The contours represent the parent MaNGA galaxy
sample and the individual points correspond to MaNGA galaxies used in
this work. The upper right-hand panel shows the redshift distribution of
the sample, where the red line signifies the median redshift value of 0.03.
The bottom right-hand panel shows the i-band magnitude as a function of
redshift for the parent MaNGA sample and for the galaxies used in this work.
note that S/N = 5 is the minimum threshold for the Voronoi cell binning,
and thus many cells exceed this value. This is highlighted by the histograms
at the top of Figure 4.3. In addition to this, we also use the DAP to de-
termine stellar velocity dispersions and produce emission-line free spectra as
discussed in Section 3.6.4.
4.1.1 Morphological Classification of Galaxies
By construction, the initial MaNGA galaxy sample of 806 galaxies is com-
prised of a variety of morphological types. To classify galaxies by morphol-
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ogy, we used the Galaxy Zoo (Lintott et al., 2011; Willett et al., 2013). The
Galaxy Zoo catalogue provides statistics from the general public, who vote
which galaxy morphology they believe best describes the SDSS galaxy. The
catalogue provides a fraction, p, for each morphological class, that is calcu-
lated in the following way. If 100 people classify a galaxy and 75 select that
it is an elliptical, the pell = 0.75. As the MaNGA galaxy sample is drawn
from the SDSS, we can simply cross match with the Galaxy Zoo catalogue in
order to establish the morphological classification. In this work, galaxies are
split into two subsets, namely ‘Early-type’ galaxies (Elliptical/Lenticular)
and ‘Late-type’ galaxies (Spiral/Irregular). Galaxies with p ≥ 0.8 for a
specific morphological type were selected for this analysis. Galaxies which
did not fulfil this criterion were visually inspected and classified (∼15% of
the sample). In an attempt to keep a large enough sample to carry out
a meaningful statistical analysis, only two morphological classifications are
distinguished. More detailed morphological investigations (breaking down
late-types into more distinct Hubble types) will require larger data sets than
the one used in this study, and are therefore the subject of future MaNGA
work.
4.1.2 Final Sample
In Chapter 5, we use the same galaxy sample to investigate the effect of
galaxy environment on the derived stellar population gradients. Due to the
complex geometry of the SDSS survey area (which consists of an array of
parabolic strips), some MaNGA galaxies that reside close to the footprint
edge had to be excluded from both analyses because an accurate measure
of environment was not possible (see Chapter 5 for more details). Further-
more, a number of galaxies that were in the final morphologically classified
sample had to also be neglected due to having unreliable velocity disper-
sion estimates from the DAP, which led to poor spectral fits. This led to
the exclusion of 85 galaxies (33 early-type galaxies and 52 late-type galax-
ies spanning a range of environments and masses) from the original sample,
leaving 505 early-type galaxies and 216 late-type galaxies (70% and 30% of
the sample, respectively).
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Figure 4.2: Three example spectral fits at three different S/N ratios obtained
using FIREFLY. In each plot, the black spectrum is the example MaNGA
data and the red spectrum is the FIREFLY best fit. The sub-panel under
each of the spectra shows the residual (Model/Data) of the fit to the data.
The bottom right-hand panel shows the distribution of residuals for all the
spectral fits in this work, and the red and orange line represent the median
residual for early- and late-type galaxies, respectively.
4.2 Stellar Population Gradients
We apply the full spectral fitting code FIREFLY (see Chapter 2) and the
models of Maraston & Strömbäck (2011) to the MaNGA DAP Voronoi
binned spectra (S/N = 5) to determine stellar population properties such
as age and metallicity. We then calculate the radial gradients of these prop-
erties and investigate the dependence of these gradients on stellar mass and
galaxy type. In Chapter 5, we investigate the dependence of these gradients
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on galaxy environment. A parallel study by Zheng et al. (2017) also explores
the environmental dependence of stellar population gradients but using a
different fitting code, stellar population models and environmental measure
than what is used here and in Chapter 5.
4.2.1 Stellar Population Properties
To obtain stellar population properties such as age and metallicity, we use
the newly developed full spectral fitting code FIREFLY discussed in Chap-
ter 2 of this thesis. FIREFLY is used to fit the stellar population mod-
els of Maraston & Strömbäck (2011) (hereafter M11), which utilise the
MILES stellar library (Sánchez-Blázquez et al., 2006) and assume a Kroupa
(2001) stellar initial mass function, to data. As shown in Table 3.1, the
model library spans ages from 6.5 Myr to 15 Gyr and metallicities [Z/H] =
−2.3,−1.3,−0.3, 0.0, 0.3. It has a spectral resolution of 2.5Å FWHM (Beifiori
et al., 2011; Falcón-Barroso et al., 2011; Prugniel et al., 2011) and a wave-
length coverage of 3500− 7429Å. This is smaller than the wavelength range
of the MaNGA data 3600-10300Å, and therefore the full spectral fit is re-
stricted to the wavelength range of the models. The broadening of absorption
features due to velocity dispersion and the difference in resolution between
the data and the models is taken into account using the method described
in Section 2.2.2.
4.2.2 Quality of Spectral Fits
As shown in Chapter 3, FIREFLY can recover stellar population properties
with reasonable accuracy down to S/N as low as 5. This S/N threshold is
chosen for the spatial binning scheme as the best compromise between spatial
sampling and accuracy in spectral fitting. Figure 4.3 shows the distribution
with running median of the errors on light-weighted age (left-hand panel)
and metallicity (right-hand panel) as a function of S/N ratio. The MaNGA
surveys target accuracy in age and metallicity determination at all radii
sampled is 0.1 dex (Yan et al., 2016b). The figure shows that this accuracy
is reached with S/N∼20 (see also Johansson et al., 2012; Wilkinson et al.,
2015). The median error on age and metallicity at the minimum threshold
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Figure 4.3: Error on light-weighted age (left-hand panel) and metallicity
(right-hand panel) as a function of S/N as derived by FIREFLY for 60
galaxies in this work. Individual points correspond to individual Voronoi
cells. The orange line in both plots represents the median error as a function
of S/N and the red lines show where the running median corresponds to
S/N = 5. The average error on log(Age) is 0.28 dex and the error on [Z/H]
is 0.23 dex at this S/N threshold, respectively. The S/N distributions can
be seen at the top of each panel.
of S/N = 5 is 0.28 dex and 0.23 dex, respectively, with a large scatter up to
0.5 dex. Higher S/N and accuracy in the determination of stellar population
properties will then be obtained by combining Voronoi cells in radial bins.
Example spectral fits for three different S/N ratios are shown in three of the
four panels of Figure 4.2, as well as the distribution of residuals for all the
the galaxies analysed in this work (bottom right-hand panel).
4.2.3 Example Maps
Figure 4.4 shows example maps of S/N , light-weighted age and metallicity
with their corresponding errors, and dust attenuation for the five different
IFU bundle sizes in the MaNGA survey. It can be seen that the Voronoi
binning to a minimum of S/N = 5 generally provides a relatively high spatial
sampling even for the smaller IFU bundles. The spatial resolution is around
2.5′′, which is somewhat oversampled by the Voronoi cells with S/N = 5
threshold. The errors on the derived stellar population properties are gener-
102
ally small in the most central parts of the maps where the S/N is greatest,
but become larger on the outskirts where S/N begins to drop off. This be-
haviour can be understood from looking at the running median presented
in Figure 4.3. This is key for the derivation of accurate radial gradients
across the entire sample. The aim of this figure is to provide a sense of the
spatial sampling for the various IFU sizes, and a quantitative assessment of
the measurement errors on the stellar parameters as a function of radius is
provided below.
4.2.4 Radial Gradients
The on-sky x and y position (relative to the galaxy centre) of each Voronoi
cell is used to calculate semi-major axis coordinates in the following way:
R =
√
x2 + y2 , (4.1)
which is then used to define a radius R of the cell. The effective radius Re,
position angle and ellipticity used in this calculation are adopted from the
NSA catalogue. The radial gradient of a stellar population property θ (e.g.
log(Age(Gyr)), [Z/H]) in units of dex/Re is then defined as:
∇θ = dθ/dR , (4.2)
where R is the radius in units of effective radius Re (see Appendix B for
logarithmic gradients). The gradient is measured using least squares lin-
ear regression. Errors on the gradients are calculated using a Monte Carlo
bootstrap resampling method (Press et al., 2007). This technique involves
taking an original dataset of size N and creating a synthetic dataset of the
same size but which consists of randomly sampled values from the original
dataset, and remeasuring the gradient. This process was iterated 1000 times
building a distribution of gradient values, and we use the standard deviation
of this distribution as the error on the gradient. Examples of the resulting
radial gradients for the same objects as Figure 4.4 for different IFU bundle
sizes are shown in Figure 4.5. Both light-weighted and mass-weighted stellar
population parameters are shown in this. It can be seen that spatial sam-
pling is high enough to allow for robust derivations of radial gradients even
for the small fibre bundles (bottom rows).
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Figure 4.4: Example maps of S/N (Column 1), light-weighted log(Age(Gyr)) with errors (Columns 2 and 3), light-weighted
[Z/H] with errors (Columns 4 and 5) and E(B−V ) values (Column 6) for a Voronoi binning of S/N = 5. Bins with S/N < 5
are masked out as they are not used in our analysis. From top to bottom: MaNGA ID 1-596678 (127 fibre), MaNGA ID
12-84679 (91 fibre), MaNGA ID 1-252070 (61 fibre), MaNGA ID 1-235530 (37 fibre) and MaNGA ID 12-110746 (19 fibre).
SDSS colour images of these galaxies are displayed in Figure 4.5. The masses of the galaxies, in units of log(M/M), are
11.02, 11.45, 11.25, 10.56 and 9.91 respectively.
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Figure 4.5: Examples of light and mass-weighted radial profiles of age (Columns 2, 3), metallicity (Column 4, 5) and E(B−V )
values (Column 6) obtained from full spectral fitting for five galaxies from the MaNGA survey of varying IFU size. Column 1
shows the SDSS image of the galaxy. From top to bottom: MaNGA ID 1-596678 (127 fibre), MaNGA ID 12-84679 (91 fibre),
MaNGA ID 1-252070 (61 fibre), MaNGA ID 1-235530 (37 fibre) and MaNGA ID 12-110746 (19 fibre). Grey circles represent
the individual Voronoi cells from the DAP data cube, the orange line shows the running median and the red line shows the
straight line fit within 1.5 Re. The value of the stellar population gradient is quoted in the legend.
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Figure 4.6: Precision in the determination of age (left-hand panel) and metal-
licity (right-hand panel) as a function of radial bin. The grey scale indicates
the number density of Voronoi cells.
It is also reassuring to note that the linear fit (red line) generally agrees
well with the running median of stellar population parameter as a function
of radius (orange line). The resulting error σ in the determination of the
stellar population parameter at a radial bin centred around radius R can
then be estimated as:
σ(R) =
∑NR
i=1 σ
2
i√
NR
, (4.3)
where σi is the error for individual Voronoi cells contributing to the radial
bin around radius R, and NR is the total number of cells in that radial
bin. Figure 4.6 shows a density plot of the resulting error in age (left-
hand panel) and metallicity (right-hand panel) as a function of radius for
the full galaxy sample. There is a large scatter, but the median error per
Voronoi cell increases slightly with increasing radius (orange line) as expected
because of the drop in S/N . However, at the same time the typical number
of cells per radial bin increases with increasing radius with a slight drop
beyond a radius of ∼1.3 Re. The error per radial bin is then σ/
√
NR shown
by the yellow line. This final error increases only slightly with radius, as
the larger number of cells at large radii compensates for the larger error.
The resulting typical errors in age and metallicity at ∼1.5 Re are 0.06 dex
and 0.07 dex respectively, and even lower at smaller radii. It should be
noted that some possible contribution of covariance between those cells is
neglected here, hence the true error will be slightly larger. The effect should
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Figure 4.7: Distribution of errors on age (left-hand panel) and metallicity
gradients (right-hand panel). The dashed red line shows the MaNGA science
requirement (SRD) of 0.1 dex error on stellar population gradients. Quies-
cent galaxies are defined as the early-type galaxies used in this paper. Ngal
represents the percentage of the galaxy sample with an error less than the
SRD requirement.
be relatively small however because of the generally large spatial separation
of most Voronoi cells in each annulus, in particular at large radii.
The derived gradients and their errors are quoted in the individual panels
of Figure 4.5. The distribution of the errors in age and metallicity gradients
for the early-type galaxies in the present sample are presented in Figure 4.7.
The median errors in age and metallicity gradient are 0.05 dex and 0.07 dex,
respectively. The distribution is not symmetric, which implies that the errors
of the age (left-hand panel) and metallicity (right-hand panel) gradients are
below 0.1 dex for 77% and 66% of the sample, respectively. These values are
very close to the MaNGA survey science requirement of 80% of quiescent
galaxies with an error in the age and metallicity gradient below 0.1 dex (Yan
et al., 2016b).
4.3 Comparison Between Fitting Codes and Stellar
Population Models
To test the dependence of stellar population measurements both on the
spectral fitting technique and the underlying stellar population model, we
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compare the properties derived here to those obtained from the spectral
fitting code STARLIGHT (Cid Fernandes et al., 2005), using both M11
and Bruzual & Charlot (2003) models (hereafter BC03) for a subset of 30
galaxies. STARLIGHT with BC03 STELIB models is used in Zheng et
al. (2017). To ensure the comparison of the codes is a fair one, we adopt
the same base stellar population models of M11 with a Kroupa IMF that
were used in the present FIREFLY fits and fit over the same wavelength
range of 3500-7429Å. Fundamental differences between the two codes were
already discussed in Section 3.4 of this thesis. It should be emphasised that
the comparison presented here is very complicated and a more detailed anal-
ysis is beyond the scope of this work, but is being planned by the MaNGA
collaboration. The results of this comparison are presented in Figure 4.8.
In general there is a large scatter and some systematic offsets. On the
positive side, young and intermediate-age populations are consistently iden-
tified by both codes but then there are considerable differences in the exact
ages derived. FIREFLY yields younger light-averaged ages for old popula-
tions than STARLIGHT (top left-hand panel) by about ∼0.1 dex, but there
is reasonable agreement for younger populations, leading to a median offset
of µX−Y = −0.04 dex and scatter of σX−Y = 0.45 dex. The choice of stellar
population model turns out to produce an effect of comparable size. The
BC03 STELIB models yield somewhat younger ages by ∼0.08 dex for the
old population and older ages by ∼0.1-0.2 dex for the younger population
(top middle panel). This is a consequence of the different stellar tracks used
in the two models: the onset of the red giant evolutionary phase is earlier in
M11 models, based on Cassisi et al. (1997) tracks, whereas BC03 is based
on Padova isochrones (Girardi et al., 2000) (see Maraston (2005) for a de-
tailed discussion). This conspires to a smaller offset between the ages of old
populations derived with STARLIGHT+BC03 in Zheng et al. (2017) and
in the present work with FIREFLY+M11 (top right-hand panel). Again,
there is a large scatter. Young and intermediate-age populations tend to
have slightly younger ages when derived with the M11 models, which leads
to a systematic offset of ∼0.07 dex in the comparison between this work and
Zheng et al. (2017). Overall, we can conclude that light-weighted ages are
affected by systematic offsets between the various codes and underlying
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Figure 4.8: Comparison of the light-weighted stellar population parameters age (top row) and metallicity (bottom row),
obtained by STARLIGHT and FIREFLY with M11 and BC03 stellar population models for a subset of 30 galaxies from
the MaNGA survey. Contours represent the number density of Voronoi cells. The dashed line in each panel is the one-one
relation. The values µX−Y and σX−Y represent the median difference and dispersion between the X and Y axis, respectively.
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stellar population models of the order of µX−Y = −0.13 dex; however the
scatter is large, with σX−Y = 0.37 dex.
The comparison for light-weighted metallicity provides a more complex
picture as shown by the bottom panels in Figure 4.8. STARLIGHT appears
to produce systematically lower metallicities for the bulk metal-rich popula-
tion by ∼0.1 dex and higher metallicities for the metal-poor population by
∼0.3 dex (bottom left-hand panel), leading to a median offset µX−Y = −0.11
dex. The bottom middle panel in Figure 4.8 shows an offset of µX−Y =
−0.1 dex between the STARLIGHT+M11 and STARLIGHT+BC03 mod-
els, with M11 producing lower metallicities. The combination of both of
these results leads to an overall difference of µX−Y = −0.24 dex between
STARLIGHT+BC03 and FIREFLY+M11, with lower metallicities being
obtained by the latter (bottom right-hand panel). The most striking differ-
ence between the two fitting codes lies in the distribution of metallicities (bot-
tom left-hand panel). STARLIGHT appears to yield a narrower range of
metallicities (−0.2 to 0.1 dex) than FIREFLY (−0.5 to 0.3 dex) and as a con-
sequence, discrepancies can be as large as 0.4 dex, with FIREFLY obtaining
substantially lower metallicities for some spectra than STARLIGHT. This
issue clearly requires more investigation and more detailed comparisons with
other spectral fitting codes. However, this work goes beyond the scope of
this thesis.
In Figure 4.9, we compare the final stellar population gradients derived
from these three different combinations of fitting code and stellar popula-
tion model. Here, we show both light-averaged (orange symbols) and mass-
averaged (red symbols) quantities, as well as separating between early- (tri-
angle) and late-type (circle) galaxies. In general, as can be expected from the
results in Figure 4.8, there is quite a large scatter and there are some system-
atic offsets in the derived gradients. However, it is not necessarily straight-
forward to relate the discrepancies identified in Figure 4.8 to differences in
gradients. The top left-hand panel of Figure 4.9 shows the comparison be-
tween gradients derived using FIREFLY+M11 and STARLIGHT+M11. It
can be seen that light-weighted age gradients for STARLIGHT are slightly
more negative (µX−Y = 0.05 dex/Re for late-types and µX−Y = 0.02 dex/Re
for early-types) than the ones obtained using FIREFLY, which can be at-
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tributed to the lower ages of old (and generally central) populations (top left-
hand panel in Figure 4.8). The mass-weighted age gradients derived from
FIREFLY are also more positive by µX−Y = 0.11 dex/Re and µX−Y = 0.06
dex/Re for early- and late-types, respectively. The systematic uncertainty
introduced by the fitting method at fixed stellar population model is of the
same order of the gradient signal itself, a caveat that needs to be considered
when investigating stellar population gradients.
The situation becomes more complex when looking at the top right-hand
panel in Figure 4.9, where the age gradients obtained from FIREFLY+M11
and STARLIGHT+BC03 are compared. The light- and mass-weighted age
gradients of late-type galaxies obtained by both fitting codes are consistent
within the scatter. However, for early-type galaxies there is a marked differ-
ence between the two results. Both the light- and mass-weighted age gradi-
ents produced by FIREFLY+M11 are more positive than what is found us-
ing STARLIGHT+BC03 (µX−Y = 0.14 dex/Re and µX−Y = 0.15 dex/Re).
This leads to the conclusion that depending on the combination of fitting
code and underlying stellar population model, the result can range from pos-
itive to slightly negative age gradients. The origin of this difference is less
clear, but might simply be caused by the fact that ages are generally younger
in the FIREFLY+M11 (this work) than the STARLIGHT+BC03 (Zheng
et al., 2017) setup (top right-hand panel in Figure 4.8). The top right-
hand panel showing the age gradients obtained with STARLIGHT+M11
and STARLIGHT+BC03 also shows a large degree of scatter, highlighting
further the complexity involved in comparisons such as this one. This sig-
nificant systematic uncertainty needs to be acknowledged, and future work
is needed to assess the origin of these differences and explore possible paths
to mitigate them.
The bottom panels of Figure 4.9 show the derived light- and mass-
weighted metallicity gradients. In general, the metallicity gradient mea-
surements vary quite a bit, but are consistent within the scatter for both
early- and late-types. The conclusions presented here suggest that age and
metallicity measurements from full spectral fitting are considerably affected
by systematic differences in the full spectral fitting technique and underlying
stellar population models. The differences are around 0.1− 0.4 dex with a
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Figure 4.9: Comparison of the stellar population gradients obtained using the output results from the two different spectral
fitting codes, FIREFLY and STARLIGHT with two different stellar population models M11 and BC03. Additionally, the
same method of obtaining the radial gradient was used and errors were deduced from bootstrap resampling. The grey line
shows a 1-1 correspondence between the gradients. The orange and red colours represent light- and mass-weighted properties,
whereas the circles and triangles represent late-type and early-type galaxies, respectively. Lastly, the values µX−Y and σX−Y
represent the median difference and dispersion between the X and Y axis as in Figure 4.8.
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Table 4.1: Table showing the approximate number of beams per IFU for
both primary and secondary MaNGA galaxy samples within 1.5 Re. This
highlights the fact that secondary sample has ∼1/3 less spatial resolution
than the primary sample at this given radius.
Bundle Diameter (′′) Primary Secondary
(NBeams) (NBeams)
19-fibre 12′′ 4.8 2.9
37-fibre 17′′ 6.8 4.1
61-fibre 22′′ 8.8 5.3
91-fibre 27′′ 10.8 6.5
127-fibre 32′′ 12.8 7.7
large scatter. This result is not surprising, and similarly large differences
between fitting codes and stellar population models have already been high-
lighted in Chapter 3 of this thesis (see Figure 3.15), where we showed that
FIREFLY M11 STELIB predicted older ages than STARLIGHT BC03
STELIB for SDSS DR7 galaxies. However, we also show here that mea-
surements of quantities such as age gradients, are consequently affected by
systematic discrepancies of the order of 0.03-0.15 dex/Re. This implies that
the resulting uncertainties are of similar size to the signal being measured,
hence a more rigorous and detailed investigation is needed to understand
how to address these issues in future studies.
4.4 Beam Smearing Effects on Radial Gradients
Beam smearing is a cause for concern for most IFU surveys as it can have
the effect of diluting the measured radial gradients. By comparing stellar
population gradients for the MaNGA primary and secondary galaxy sam-
ples1, it is possible to assess the possible impact of beam smearing on the
gradients presented in this thesis.
1It is important to note that the secondary sample used in this comparison is not part
of the 721 galaxies used in this work.
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Figure 4.10: Figure investigating the impact of beam smearing on radial
gradients for both early- (left-hand plot) and late-type (right-hand plot)
galaxies. The panels show the light-weighted age (top left-hand panel),
light-weighted metallicity (top right-hand panel), mass-weighted age (bot-
tom left-hand panel) and mass-weighted metallicity gradients (bottom right-
hand panel), obtained using the primary and restricted secondary MaNGA
sample.
The FoV of the IFUs, in effective radius, are 1.5 Re for the primary
and 2.5 Re for the secondary sample, respectively. If we only consider the
secondary samples radial extent out to 1.5 Re we can calculate the number
of beams (NBeams) per FoV in the following manner:
NBeams =
{
dIFU/dB : Primary
(dIFU × (1.5/2.5))/dB : Restricted Secondary
where dIFU is the diameter of the IFU in arcsec and dB is the typical beam
size in MaNGA, which is 2.5′′. The values obtained for the five different
IFU bundles are presented in Table 4.1. From this table, it is clear to see
that the secondary sample (when sampled out to 1.5 Re only) has ∼1/3 less
spatial resolution than the primary sample in each IFU. If beam smearing
was having a significant effect, this change in spatial resolution would lead
to flatter radial gradients in the restricted secondary sample compared to
the primary sample.
Figure 4.10 shows the light- and mass-weighted stellar population gradi-
ents for early-type (left) and late-type galaxies (right) obtained for a subset
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Figure 4.11: Figure showing the impact of the dynamic range on the mea-
sured stellar population gradients of light-weighted age (top left-hand panel),
mass-weighted age (top right-hand panel) , light-weighted metallicity (bot-
tom left-hand panel) and mass-weighted metallicity gradients (bottom right-
hand panel) for galaxies in the MaNGA secondary sample. Gradients were
calculated within 1.5 Re and 2.5 Re for both early- and late-type galaxies.
of galaxies in a fixed mass range [early-types: 9.5 < log(M/M) < 10.9,
−18.5 < Mi < −21.6 and late-types: 9.0 < log(M/M) < 10.5, −17.4 <
Mi < −21.0]. The median and standard deviations of the distributions are
also summarised in Table 4.2. From Table 4.2, we can see that the median
gradients obtained from the distributions in Figure 4.10 are consistent for
both early- and late-type galaxies. This tells us that the restricted secondary
sample, which has lower spatial resolution, has comparable gradients to what
is presented in this work suggesting that the effect of beam smearing must
be quite small and does not affect the gradients in any significant way.
One further exercise can be conducted to consolidate this conclusion re-
garding beam smearing. Again using the secondary sample, it is possible
to investigate the effect that the radial dynamic range used in measuring
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Table 4.2: Median light-weighted and mass-weighted gradients (in dex/Re)
for both early-type and late-type galaxies for a fixed stellar mass range. The
galaxies are split between the primary MaNGA sample used in this work
and the restricted MaNGA secondary sample to assess the impact of beam
smearing investigated in Figure 4.10. Errors correspond to the standard
deviation of the distribution.
Galaxy Type Property Mass Bin Primary (dex/Re) Restricted Secondary (dex/Re)
Early-Type Light-Weighted Age 9.5 < log(M/M) < 10.9 0.01± 0.13 0.02± 0.14
Light-Weighted [Z/H] −0.14± 0.11 −0.12± 0.12
Mass-Weighted Age 0.10± 0.10 0.07± 0.12
Mass-Weighted [Z/H] −0.01± 0.11 −0.04± 0.13
Late-Type Light-Weighted Age 9.0 < log(M/M) < 10.5 −0.07± 0.20 −0.12± 0.28
Light-Weighted [Z/H] −0.03± 0.29 0.03± 0.27
Mass-Weighted Age 0.02± 0.17 −0.01± 0.30
Mass-Weighted [Z/H] −0.06± 0.30 0.06± 0.36
stellar population gradients, has on the derived gradient value. This is done
by measuring the radial gradients on secondary sample galaxies out to two
different radii (1.5 Re and 2.5 Re)2 and comparing the results. The results
of this analysis can be seen in Figure 4.11.
Overall, the gradients are fairly consistent when measured using these
two different dynamic ranges, with high Spearman’s rank correlation coef-
ficients (ranging between 0.77 to 0.83) and relatively low scatter (ranging
between 0.07 and 0.13 dex/Re) between the derived gradients. This once
again emphasises that the effect of beam smearing must be extremely small
in this work and does not affect the gradients presented in this thesis in
any significant way. The results obtained here are slightly different to those
obtained in P-MaNGA studies, in which Wilkinson et al. (2015) found mild
evidence of beam smearing on the gradients. The sample size of their study
was very small however (17 galaxies) and the MaNGA data reduction has
significantly improved since the P-MaNGA data. Although the results pre-
sented here suggest no significant beam smearing, robust simulations are
necessary in order to truly quantify the effect, which is beyond the scope of
this thesis.
2Note, this exercise cannot be done with the primary galaxy sample as their radial
extent is only observed out to ∼1.5 Re.
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Table 4.3: Table showing the breakdown of number and stellar mass
[log(M/M)] of galaxies in each of the four quartiles of the mass distri-
bution used in this work. σ shows the standard deviation of the galaxy
masses relating to galaxies inside each mass bin.
Mass Bin Number (N) Number (N) Number (N) Mean Stellar Mass Standard Deviation
Early-types Late-types log(M/M) (σ)
log(M/M) < 9.935 160 54 106 9.58 ±0.26
9.935 < log(M/M) < 10.552 167 96 71 10.30 ±0.19
10.552 < log(M/M) < 11.054 192 162 30 10.78 ±0.15
log(M/M) > 11.054 202 197 5 11.41 ±0.25
4.5 Results
We now turn to presenting the resulting stellar population gradients for the
full sample of 505 early-type and 216 late-type galaxies and their dependence
on galaxy mass and morphological type. First, we present dependencies of
the stellar population properties, age, metallicity and dust, as a function of
radius in the four quartiles of the mass distribution corresponding to the fol-
lowing four mass bins: log(M/M) < 9.935, 9.935 < log(M/M) < 10.552,
10.552 < log(M/M) < 11.054, and log(M/M) > 11.054. Information
regarding the breakdown of galaxies into these mass bins can be found in
Table 4.3. We then calculate the median and its distribution of age and
metallicity in radial bins (see orange line in Figure 4.5) for these four mass
bins, considering both light- and mass-weighted stellar population proper-
ties, as well as E(B − V ). In a final step, we present the full reconstructed
star formation histories in the age-metallicity plane as a function of galaxy
mass and radius.
4.5.1 Median Stellar Population Properties
Figure 4.12 shows the median stellar population parameters, age and metal-
licity, as a function of radius in the four different bins of galaxy mass (see
labels) and Table 4.4 shows the derived stellar population properties at 1 Re
for both early- and late-type galaxies used in this thesis.
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Figure 4.12: Median stellar population parameters age (top rows) and metal-
licity (bottom rows) as a function of radius in four different bins of galaxy
mass (see labels) for the full sample containing 505 early-type and 216 late-
type galaxies. The top panels are early-type galaxies and the bottom panels
are late-type galaxies, respectively. Light-weighted and mass-weighted quan-
tities are shown as orange and red lines, respectively. The shaded area is the
1σ width of the distribution around the median value. The resulting fitted
gradients and their bootstrapped errors are quoted in each panel.
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Table 4.4: Light- and mass-weighted median stellar population properties at
the centre of the galaxy and at 1 Re, split by galaxy mass. These numbers
are representative of the plots shown in Figure 4.12.
Property Mass Bin Early-types Early-types Late-types Late-types
Value at Centre Value at 1 Re Value at Centre Value at 1 Re
(dex) (dex) (dex) (dex)
log(Age(Gyr))LW log(M/M) < 9.935 0.56 0.60 0.44 0.26
[Z/H]LW −0.24 −0.32 −0.73 −0.65
log(Age(Gyr))MW 0.84 0.90 0.77 0.70
[Z/H]MW −0.28 −0.32 −1.07 −1.12
log(Age(Gyr))LW 9.935 < log(M/M) < 10.552 0.60 0.53 0.45 0.28
[Z/H]LW −0.10 −0.15 −0.49 −0.58
log(Age(Gyr))MW 0.80 0.87 0.73 0.68
[Z/H]MW −0.18 −0.16 −0.77 −1.01
log(Age(Gyr))LW 10.552 < log(M/M) < 11.054 0.71 0.64 0.43 0.29
[Z/H]LW 0.08 −0.06 −0.33 −0.43
log(Age(Gyr))MW 0.82 0.91 0.68 0.70
[Z/H]MW 0.06 −0.04 −0.48 −0.80
log(Age(Gyr))LW log(M/M) > 11.054 0.81 0.75 0.65 0.34
[Z/H]LW 0.15 −0.01 −0.01 −0.33
log(Age(Gyr))MW 0.91 0.99 0.75 0.81
[Z/H]MW 0.16 0.03 −0.06 −0.30
4.5.2 Age Gradients
Early-type galaxies generally exhibit relatively shallow age gradients. The
light-weighted age gradients (orange lines) are either not significant within
2σ (lower mass bins), or very small (higher mass bins). This is consistent
with previous results in the literature (Mehlert et al., 2000, 2003; Kuntschner
et al., 2010; Rawle et al., 2010; González Delgado et al., 2015, see also
Chapter 1). However, there is a marked difference between light- and mass-
weighted measurements. The light-averaged ages are systematically younger
than the mass-weighted ones at all radii, ranging from ∼0.27 dex in the
lowest mass bin to ∼0.17 dex in the highest mass bins. This result is as ex-
pected, simply because younger stellar populations are brighter (e.g. Greggio,
1997). Very interestingly, there is a difference in gradient between light- and
mass-weight, and the mass-weighted median age does show some radial de-
pendence with positive gradients at all galaxy masses. The gradient is very
shallow for galaxies with log(M/M) < 9.935 (0.07 ± 0.016 dex/Re), but
increases with increasing galaxy mass to a gradient of about ∼0.1 dex/Re
in galaxies with log(M/M) > 10.552. In other words, mass-weighted age
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increases with galactic radius. This implies that stellar populations in early-
type galaxies, even though generally old, are slightly younger in their centres
pointing to an ‘outside-in’ progression of star formation. A more detailed
assessment of this difference will be provided in Section 4.5.5.
Late-type galaxies exhibit very different age gradients compared to early-
types. The light-weighted age gradients are negative and with statistically
significant slopes scattering around ∼0.2 dex/Re for all galaxy masses. This
is consistent with recent results in the literature (Sánchez-Blázquez et al.,
2014; González Delgado et al., 2015) and points to older stellar populations
in the bulge and more prominent star formation activity at large radii, in line
with ‘inside-out’ formation scenarios (Li et al., 2015). However, the mass-
weighted age gradients are flat, independent of galaxy mass, as also found by
Sánchez-Blázquez et al. (2014). This shows that any excess of star formation
in the outskirts of galaxy discs compared to the centre must be small and does
not contribute significantly to the overall mass budget. Hence, while galaxy
discs appear to form ‘inside-out’ in contrast to early-types, this pattern is
still surprisingly weak.
4.5.3 Metallicity Gradients
The bottom panels of Figure 4.12 show the gradients in metallicity for early-
and late-type galaxies. Early-type galaxies generally show negative gradients
in metallicity at all galaxy masses. The light-weighted metallicity gradient
around ∼ − 0.12 dex/Re is slightly shallower but in qualitative agreement
with previous literature (Mehlert et al., 2000, 2003; Kuntschner et al., 2010;
Rawle et al., 2010; Greene et al., 2012; González Delgado et al., 2015). A
more detailed comparison of this result and the literature can be found in Sec-
tion 4.6. Light- and mass-weighted metallicities and their radial dependence
are virtually indistinguishable, with an average offset of ∼0.05 dex. This is
because there is no well-defined age-metallicity correlation in the (predomi-
nantly old) stellar populations of early-type galaxies (see Section 4.5.5). This
ought to be expected as the stellar populations are generally old in early-
type galaxies with no significant recent star formation (e.g. Thomas et al.,
2010). This study shows that this is indeed the case within at least 1.5 ef-
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fective radii. Although visually the light- and mass-weighted metallicities
appear indistinguishable, there is a mild difference between the gradients
obtained as a function of mass. Figure 4.12 shows that the mass-weighted
metallicity gradient becomes more negative as mass increases, ranging from
flat gradients in the lowest mass bins (∼0.03 dex/Re) to negative gradients
in the most massive (∼−0.1 dex/Re). A trend not seen in the light-weighted
metallicity.
Late-type galaxies metallicity measurements are very different to early-
types in this regard. The light-weighted metallicities are systematically
larger than mass-weighted by about ∼0.35 dex. This must be the direct con-
sequence of ongoing chemical enrichment, producing young metal-rich stel-
lar populations. This process is largely independent of galactic radius, with
the only exception being the highest mass bin with log(M/M) > 11.054,
where the discrepancy between light-weighted and mass-weighted metallic-
ities becomes very small (∼0.09 dex); quite similar to early-type galax-
ies. This may be because the highest mass bin is populated by the most
bulge-dominated late-type galaxies or due to small number statistics (see
Table 4.3). Both the light-weighted and mass-weighted metallicity gradients
are significantly negative at all galaxy masses (except the lowest mass bin
at log(M/M) < 9.935). The negative slope in light-weighted metallicity
becomes steeper with increasing galaxy mass, ranging from ∼− 0.1 dex/Re
in the second lowest mass bin to ∼− 0.3 dex/Re for the most massive late-
types. The gradients and the trend of steepening slope with galaxy mass is
even more pronounced for mass-weighted metallicities, leading to a metal-
licity gradient of ∼ − 0.48 dex/Re at the highest masses. These metallicity
gradients in the stellar populations of galaxy discs are in good agreement
with the radial gradients generally found in the stellar abundances of the
Milky Way (Carollo et al., 2007; Hayden et al., 2015), as well as in the gas
metallicities of the Milky Way and other disc galaxies (Vilchez & Esteban,
1996; Ho et al., 2015; Stanghellini et al., 2015; Belfiore et al., 2017). These re-
sults show that the radial dependence of chemical enrichment processes and
the effect of gas inflow/metal transport are far more pronounced in late-type
galaxies than they are in early-types.
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Figure 4.13: E(B−V ) values derived from FIREFLY as a function of radius
in four different bins of galaxy mass (see legend) for the sample of 505 early-
type galaxies (left-hand panel) and 216 late-type galaxies (right-hand panel).
The thick line represents that median and the the shaded region is the 1σ
width of the distribution around the median value.
4.5.4 Dust Gradients
Figure 4.13 shows the median radial profiles of E(B − V ) for both early-
(left-hand panel) and late-types galaxies (right-hand panel), split by galaxy
mass. Early-type galaxies generally have a very small amount of dust and
exhibit shallow, relatively flat radial profiles. From the left-hand panel of
Figure 4.13, it is also clear to see that the central part of the galaxy (R <
1 Re) has a marginally steeper radial profile that the outermost regions
(R > 1 Re) due to the higher dust values found in the most central part.
At the largest radii however (R > 1.2 Re), the derived values derived of
E(B − V ) appear to be a bit too high compared to what would naively
be expected for early-type galaxies. This can be attributed to the lower
S/N spectra at large radii leading to age-dust-metallicity degeneracies in the
FIREFLY fit. By performing a linear fit to the median radial profiles, the
gradient values (in order of ascending mass) are found to be −0.015± 0.03,
−0.036± 0.05, −0.031± 0.04 and 0.007± 0.02 mag/Re, respectively. These
values are close to flat and there appears to be no obvious trend of radial
gradient and galaxy mass.
Late-type galaxies generally contain more dust at the centre than early-
types, and have radial profiles which trend with stellar mass. Performing
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a linear fit to the median radial profiles, the gradient values (in order of
ascending mass) are found to be 0.00± 0.01, −0.03± 0.03, −0.06± 0.04 and
−0.09±0.05 mag/Re, respectively. The reason for this steepening of gradient
as a function of mass is largely driven by the central E(B−V ) values. For the
most massive late-type galaxies (log(M/M) > 11.054), central E(B − V )
values are∼0.18 mag and this value declines with decreasing mass, eventually
reaching a value of ∼0.03 mag in the lowest mass bin (log(M/M) < 9.935).
At radii larger than 1 Re however, the E(B − V ) values tend to converge
around a similar value of ∼0.03 mag with some scatter. This result suggests
that the gravitational potential well in late-type galaxies is key to retaining
dust in the central region and that this accumulation of dust drives the radial
gradients. In addition to this, the radial profile in the central part of the
galaxy (R < 1 Re) is steeper than in the outermost regions. However, this
does not hold true for the lowest mass bin.
The dust gradients presented here are in good agreement with what was
found by the CALIFA survey (González Delgado et al., 2015). The CALIFA
survey found that for galaxies in the mass range, 9.1 < log(M/M) < 10.6,
(which is dominated by late-type galaxies in their sample) the most massive
galaxies had more dust in their central regions and steeper radial gradients.
The gradient values range from ∼0 mag/Re for the least massive galaxies,
to ∼ − 0.1 mag/Re in the most massive, agreeing quantitatively with what
we found for late-type galaxies3. For early-type galaxies, central E(B − V )
values are lower than what is found in late-type galaxies and the dust profiles
differ between the inner and outer parts of the galaxy, with radial profiles
within 1 Re being slightly negative and flat at R > 1 Re. Once again,
agreeing with what is presented here. In addition to this, the more massive
early-type galaxies have less dust in their central region and flatter radial
gradients. This trend is fairly weak in our work, due to the large degree of
scatter between the mass bins but the most massive early-types (black line)
do appear to have less dust in their central regions.
3In order to compare our results for E(B−V ) gradients to the ones obtained in González
Delgado et al. (2015), we transform their AV values into E(B − V ) using RV, which is
defined as AV/E(B − V ).
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4.5.5 Resolved Star Formation Histories
As alluded to in Section 4.5.1, interesting differences exist between light- and
mass-weighted stellar population properties. In this section, we present the
resolved star formation histories in the age-metallicity plane to shed more
light on this variation and to tighten constraints on formation scenarios. To
this end, the galaxy sample is split into the three radial bins (R/Re < 0.5,
0.5 < R/Re < 1.0, and 1.0 < R/Re < 1.5), the same four mass bins as in
Figure 4.12, as well as early- and late-types. The resulting star formation
and metal enrichment histories are presented in Figures 4.14 to 4.17. Mass-
weighted and light-weighted quantities for early-type galaxies are shown in
Figures 4.14 to 4.15, while Figures 4.16 to 4.17 present the same for late-
types.
Early-Type Galaxies
From Figure 4.14 it can be seen that early-type galaxies are dominated by
old stellar populations with some spread in metallicity at all radii. With
decreasing galaxy mass (top to bottom in Figure 4.14), the component of
old, metal-poor stellar populations gains weight in mass. At the same time a
minor young, metal-rich component also rises with decreasing galaxy mass.
Both these trends are in line with the mass-metallicity (MZR) and mass-
age relationships of early-type galaxies (Gallazzi et al., 2005; Panter et al.,
2008; Thomas et al., 2010; González Delgado et al., 2014, 2015) and these
results will be disseminated further in a forthcoming paper (Goddard et al.,
in prep). Both these effects are even stronger in light-weighted quantities as
shown in Figure 4.15.
Figure 4.14 further reveals the radial dependence: in massive early-
types (log(M/M) > 10.552) the outermost radial bins are dominated by
old stellar populations (t∼10 Gyr), while a component of intermediate-age
(t ' 3 Gyr), metal-rich populations are present in the centre. This leads to
the positive age gradient presented in Figure 4.12 suggesting ‘outside-in’ pro-
gression of star formation. As galaxy centres are more metal-rich than the
outskirts, this ‘outside-in’ formation is more likely caused by continuing (or
additional) star formation from enriched material (Bedregal et al., 2011),
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rather than by recent star formation activity due to late-time accretion.
Also in agreement with Figure 4.12, these positive age gradients appear flat-
ter at lower masses, where intermediate-age, metal-rich components are also
present at large radii. Some very small contribution of such intermediate-
age populations can be seen also in the two massive mass bins in the light-
weighted quantities (Figure 4.15), which explains why light-weighted age
gradients are found to be flat. This result suggests that some very small
residual star formation is found at large radii, which however does not con-
tribute to the overall mass budget. One potential limitation in our ability to
derive resolved star formation histories for unresolved populations is high-
lighted at large radii for the lowest mass early-type galaxies (bottom right
plots in Figures 4.14 and 4.15). In both cases, there exists an old metal-rich
population at large radii that is most likely not physical and is caused by
the low signal-to-noise data proving difficult for FIREFLY to derive accurate
stellar population properties.
The positive age gradients implying ‘outside-in’ progression of star for-
mation agree with previous results in the literature (see Chapter 1, Table 4.5
and Figure 4.20), and also fit well into recent work by Johnston et al. (2012,
2014) who find that the bulges of lenticular galaxies in Fornax contain consis-
tently younger and more metal-rich stellar populations than their surround-
ing discs. This conclusion has also been recently reproduced in an analysis
of MaNGA data (Johnston et al., 2016), and it will be interesting in future
to compare directly with the present sample.
Mass-weighted metallicity gradients are shown to be relatively flat in
Figure 4.12, which is consistent with the fact that the proportion of the
metal-rich population does not seem to vary significantly with radius in Fig-
ure 4.14. In light-weighted space, however, the young metal-rich component
in the centre as well as an old metal-poor component at large radii becomes
more evident (Figure 4.15), which is in line with the generally negative light-
weighted metallicity gradients in Figure 4.12.
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Late-Type Galaxies
The resolved star formation histories of late-type galaxies are distinctly dif-
ferent from the ones of early-types in mass-weighted space. The presence
of young, metal-rich populations at all masses and all radial bins also for
the mass-weighted quantities is striking (Figure 4.16). And in fact a well-
defined age-metallicity relation is detected with old, metal-poor and young,
metal-rich populations, similar to what is observed in the Milky Way (e.g.
Edvardsson et al., 1993). This metal enrichment pattern is even more pro-
nounced in light-weighted space (Figure 4.17). To our knowledge, this is the
first time that a full spectral fitting code has resolved the chemical enrich-
ment history for integrated populations in large galaxy samples.
The mass-weighted age gradient is generally flat, because the presence
of young populations is equally pronounced at all radii (Figure 4.16). How-
ever, some slight excess of star formation is detectable in the light-weighted
quantities (Figure 4.16), which leads to the negative age gradients in late-
type galaxies discussed above and shown in Figure 4.12. The metal-rich
component is particularly evident in the inner radial bins, which explains
the strong metallicity gradients observed for late-type galaxies both in light-
and mass-weighted space (Figure 4.12). These gradients become stronger
with increasing mass, because the central metal-rich component is more ev-
ident in the higher mass bins as can be seen from Figures 4.16 and 4.17.
Summary
To conclude this analysis, we find evidence for ‘outside-in’ progression of star
formation in early-type galaxies, and only very mild gradients in metallicity.
Late-type galaxies exhibit strong metallicity gradients and mild evidence
for ‘inside-out’ formation with some small excess of recent star formation
activity at large radii. The stellar populations of late-type galaxies follow a
well defined age-metallicity relationship spanning several Gyr in age at all
radii, while early-type galaxies are dominated by old populations at all radii
with significant scatter in metallicity.
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Figure 4.14: Star formation and metal enrichment histories for early-type
galaxies as function of galaxy mass and radius. The density scale indicates
the relative mass-weights of the stellar populations in the spectral fit in age-
metallicity space. The columns are three radial bins with radius increasing
from left to right (see labels), rows are the four mass bins with mass in-
creasing from bottom to top (see labels). See Figure 4.15 for light-weighted
quantities. For more details see Section 4.2
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Figure 4.15: Star formation and metal enrichment histories for early-type
galaxies as function of galaxy mass and radius. The density scale indicates
the relative light-weights of the stellar populations in the spectral fit in age-
metallicity space. The columns are three radial bins with radius increasing
from left to right (see labels), rows are the four mass bins with mass in-
creasing from bottom to top (see labels). See Figure 4.14 for mass-weighted
quantities. For more details see Section 4.2
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Figure 4.16: Star formation and metal enrichment histories for late-type
galaxies as function of galaxy mass and radius. The density scale indicates
the relative mass-weights of the stellar populations in the spectral fit in age-
metallicity space. The columns are three radial bins with radius increasing
from left to right (see labels), rows are the four mass bins with mass in-
creasing from bottom to top (see labels). See Figure 4.17 for light-weighted
quantities. For more details see Section 4.2
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Figure 4.17: Star formation and metal enrichment histories for late-type
galaxies as function of galaxy mass and radius. The density scale indicates
the relative light-weights of the stellar populations in the spectral fit in age-
metallicity space. The columns are three radial bins with radius increasing
from left to right (see labels), rows are the four mass bins with mass in-
creasing from bottom to top (see labels). See Figure 4.16 for mass-weighted
quantities. For more details see Section 4.2.
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4.5.6 Correlations with Galaxy Mass
Figures 4.18 and 4.19 show the derived light- and mass-weighted age, metal-
licity and dust gradients, as a function of stellar mass, log(M/M), and
their overall distributions, for early- and late-type galaxies, respectively. By
looking at the overall distribution of gradients in the middle left and top
left-hand panels of Figure 4.18, light-weighted age gradients tend to be flat
for early-type galaxies, but slightly positive in mass-weight ∼0.1 dex/Re.
In the middle left and top left-hand panels of Figure 4.19, late-types galax-
ies age gradients are slightly negative ∼ − 0.1 dex/Re in light weight, but
flat in mass-weight (see also Figure 4.12). The bottom central panel in
both figures shows the dust gradients, which are generally flat for early-type
galaxies (∼0.0 dex/Re) and slightly negative for late-type galaxies (∼− 0.03
dex/Re). The right-hand panels show that metallicity tends to be constantly
negative for both morphologies. For early-types, they range from ∼0 to
∼− 0.2 dex/Re, while for late-types they range from ∼0 to ∼− 0.5 dex/Re.
Much of this scatter comes from a well-defined dependence on galaxy
mass, however, and we can now quantitatively describe the relation between
stellar population gradients and stellar mass and assess whether galaxy mass
is a significant driver of stellar population gradients. The linear fits and the
resulting slopes with their errors are shown in each panel of Figures 4.18 and
4.19. It can be seen that light- and mass-weighted age gradients generally do
not correlate with galaxy mass, both for early- and late-type galaxies. The
slopes of the gradient-mass relationships are 0.01 ± 0.06 and −0.01 ± 0.04
in light- and mass-weight for early-types, and 0.00± 0.07 and 0.02± 0.05 in
light- and mass-weight for late-types respectively. This is also true for dust
gradients in early-type galaxies, where the slope of gradient-mass relationship
is 0.03± 0.04. The picture is different for metallicity gradients that become
steeper with increasing galaxy mass. The gradient-mass relationships are:
∇[Z/H]ETLW = 0.37− 0.04(±0.05)× log(M/M) , (4.4)
∇[Z/H]ETMW = 0.51− 0.05(±0.06)× log(M/M) , (4.5)
∇[Z/H]LTLW = 1.74− 0.18(±0.05)× log(M/M) , (4.6)
∇[Z/H]LTMW = 2.89− 0.29(±0.06)× log(M/M) . (4.7)
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Figure 4.18: Figure showing the light- and mass-weighted stellar popula-
tion gradients in age (left-hand panels), metallicity (right-hand panels) and
E(B−V ) (bottom centre) for early-types as a function of galaxy mass. The
orange line is a linear fit, with the slope and its error in the legend of each
panel. The right-hand sub-panels show the distribution of the gradients.
The median value µ for each distribution is also quoted in the legend.
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Figure 4.19: Figure showing the light- and mass-weighted stellar popula-
tion gradients in age (left-hand panels), metallicity (right-hand panels) and
E(B − V ) (bottom centre) for late-types as a function of galaxy mass. The
orange line is a linear fit, with the slope and its error in the legend of each
panel. The right-hand sub-panels show the distribution of the gradients.
The median value µ for each distribution is also quoted in the legend.
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These relationships are quite strong and significant for late-types, and slightly
weaker for early-type galaxies. Hence, the negative metallicity gradients of
galaxies become steeper with increasing galaxy mass but are nearly flat or
even positive at masses below ∼1010 M for both galaxy types. Given the
much weaker correlation of metallicity gradient with galaxy mass for early-
type galaxies, the steepening of the metallicity gradient with galaxy mass in
late-type galaxies is likely to be driven by gradients of the disc. Such clear
dependencies of the metallicity gradient with galaxy mass, in particular for
late-type galaxies, had not previously been reported in the literature. In
addition to what is presented for metallicity gradients, a weak dependence
of the dust gradient in late-type galaxies with mass is found, in which the
negative dust gradient steepens with increasing galaxy mass. It is important
to note that there is quite a large scatter around this fitted relation at a given
stellar mass, and there exists some data points with large error bars. It is
unclear as to whether this variance is physical or is purely artificial, arising
due to uncertainties in our fitting approach. With even larger, more statis-
tically complete MaNGA samples it will become possible to further confirm
these relationships between gradient and stellar mass, and potentially drive
down the scatter.
4.6 Discussion
An overview of the work on stellar population gradients over the past decade
was provided in Section 1.6. Here, we set the key findings from the work in
this chapter in context with the literature and provide a quantitative com-
parison for some of the key measurements summarised in Table 4.5, listing
gradient measurements in early- and late-type galaxies from 21 and 6 dif-
ferent studies, respectively. The list combines a large variety of different
observational approaches, sample sizes and radial coverage. The majority
are based on long-slit spectroscopy, some on photometry, and a few on spec-
troscopic IFU observations. The radial coverage varies between 1 and 2 Re,
and most studies present light-weighted stellar population properties. The
distributions of the gradients derived in these studies for early-type galaxies
are visualised in Figure 4.20. We choose not to plot the distributions for
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late-type galaxies as there are only a few studies covering this area. It is
important to note that many of the previous studies have measured radial
gradients of age and metallicity using logarithmic radius (e.g. in units of dex
per radius dex), whereas our current study uses linear radius (e.g. in units of
dex/Re). To ensure a fair comparison with the literature, we also calculate
age and metallicity gradients using logarithmic radius (see Appendix B) and
use these values in Figure 4.20 (orange dashed lines). In addition to this, we
remove the gradients of González Delgado et al. (2015), Zheng et al. (2017)
and Hirschmann et al. (2015) from Figure 4.20 as the former measure their
gradients in linear radius and the latter covers a larger radial range than our
current MaNGA data.
As discussed in Section 1.6, most studies in the literature so far have
found that early-type galaxies have a negative metallicity gradient and either
a flat or slightly positive age gradient. As can be seen from Table 4.5 and
Figure 4.20, metallicity gradients range from −0.1 to −0.4 with a median
of −0.24 dex per radius dex. The light-weighted logarithmic metallicity
gradient found in Appendix B (−0.15 dex per radius dex) is on the shallow
side compared to previous IFU studies by Rawle et al. (2008) and Kuntschner
et al. (2010); who derive gradients of −0.2 and −0.28 dex per radius dex,
respectively. The causes of these differences are unclear, although it could
be potentially be due to limitations in the spatial resolution of the MaNGA
data. Contrariwse, the linear gradients derived in this work (see Table 4.5)
are in good agreement with those derived by González Delgado et al. (2015)
(−0.1 dex/Re) using CALIFA data and Zheng et al. (2017) (−0.09 dex/Re)
who used MaNGA data but with different fitting code. As far as the age
gradients of early-type galaxies are concerned, the measurements reported
in the present study, both linear and logarithmic, are consistent with the
literature. All age gradients in the literature, including other IFU studies
with the exception of González Delgado et al. (2015), are flat/positive and
range from 0 to 0.45 with a median of 0.04 dex per radius dex. The light-
weighted values found in this thesis are in good agreement with this (∼0 dex
per radius dex and ∼0 dex/Re).
As discussed in Section 4.5, the combination of flat to positive age gra-
dients with negative metallicity gradients of early-type galaxies points to an
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Figure 4.20: Histograms showing the distribution of age (top panel) and
metallicity (bottom panel) gradients for early-type galaxies obtained in pre-
vious literature studies. All values have been taken from Table 4.5. The
orange dashed line represents the light-weighted stellar population gradients
obtained in this work.
‘outside-in’ formation scenario in which star formation ceases slightly earlier
in the outermost regions with younger, more metal rich stellar populations in
the centre. It should be emphasised, however, that the stellar populations are
generally old at all radii. Also, the current analysis does not attempt to dis-
criminate between star formation quenching and rejuvenation. Both, inward
progression of quenching and/or the rejuvenation of galaxy centres through
late, residual star formation will lead to positive age gradients. Hence, the
‘outside-in’ formation promoted here refers to the radial progression of star
formation in galaxies, and not to galaxy assembly. In other words, the con-
clusions drawn here are not in conflict with the size evolution of galaxies and
the fact that galaxies appear to have been more compact in the past (e.g.,
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Daddi et al., 2005; Trujillo et al., 2006; Longhetti et al., 2007; Cimatti et
al., 2008; van Dokkum et al., 2010; van de Sande et al., 2013; Beifiori et al.,
2014).
The metallicity gradients measured here are much flatter than what is
predicted by simple monolithic collapse models alone (Larson, 1974; Kawata,
2001; Kobayashi, 2004; Pipino et al., 2008; Pipino et al., 2010), hence the
influence of galaxy merging must contribute to the radial distribution of
stellar populations in early-type galaxies, which is known to produce flatter
gradients (Bekki & Shioya, 1999; Kobayashi, 2004; Di Matteo et al., 2009).
It turns out that the age and metallicity gradients found in modern cos-
mological hydrodynamical simulations of galaxy formation (Tortora et al.,
2011; Vogelsberger et al., 2014; Genel et al., 2014; Hirschmann et al., 2015;
Cook et al., 2016) agree well with the observational results reported here.
Interestingly, the dependence of metallicity gradients on increasing galaxy
mass is seen in hydrodynamical simulations (Tortora et al., 2011; Tissera et
al., 2017; Taylor & Kobayashi, 2017). However in Tissera et al. (2017) and
Taylor & Kobayashi (2017), the correlation between the negative metallicity
gradient of early-type galaxies and mass flattens out at log(M/M) > 10.5,
a result not seen here. Both Tissera et al. (2017) and Taylor & Kobayashi
(2017) suggest that this trend is a result of more massive galaxies hosting
stronger AGN. It would be interesting to see whether such trends are found
with larger MaNGA samples.
Different from early-type galaxies, late-type galaxies are found to have
negative age gradients in light-weight (∇ log(Age(Gyr))LW = −0.11 ± 0.08
dex/Re), which implies that the central stellar population is older and younger
populations reside in the outer parts of a galaxy. Again, this agrees well
with other measurements in the literature, where most age gradients are
negative (see Table 4.5). Likewise, the negative metallicity gradients found
here agree well with other studies in the literature. These gradients will be
partly driven by bulge-disc transitions within the galaxies, and true gradi-
ents in discs. Bulge and disc need to be disentangled spectroscopically to
properly differentiate between these two possibilities (see Johnston et al.,
2016). Either way, the negative age gradients imply ‘inside-out’ propagation
of star formation in bulge-disc systems as discussed in the Section 4.5. This
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agrees with the conclusions drawn by Pérez et al. (2013) and Ibarra-Medel
et al. (2016) who investigate the mass assembly history of galaxies of mixed
morphological type.
In a parallel study by Zheng et al. (2017), stellar population gradi-
ents are derived from MaNGA data following different techniques in sam-
ple selection and stellar population analysis, most notably using a differ-
ent combination of full spectral fitting code and stellar population models
(STARLIGHT+BC03 STELIB) than the present work. In Section 4.3, we
discussed the impact of using different stellar population models and fit-
ting code on the derived stellar population properties and gradients. We
showed that there is an offset in the age gradients derived for early-types us-
ing FIREFLY+M11 MILES and those derived from STARLIGHT+BC03
STELIB of µX−Y = 0.14 dex/Re (light-weight) and µX−Y = 0.15 dex/Re
(mass-weight). There is no significant offset however in the gradients de-
rived for late-type galaxies, where both studies find flat mass-weighted age
gradients and negative mass-weighted metallicity gradients. It is clear that
the relatively large range in age gradients found in the literature (see Fig-
ure 4.20) can be attributed to such modelling differences. These systematic
uncertainties severely affect current studies, and progress on this end is ur-
gently needed. However, understanding why different fitting codes and stel-
lar population models produce discrepancies, which are of the order on the
signal being measured, is challenging. This is due to a combination of factors
that contribute to the measurements, such as the method used to calculate
the best fit (such as MCMC or χ2), the adopted stellar library, and the
stellar tracks used in the stellar population models. A detailed investigation
into this requires sedulous care, and goes beyond the scope of this thesis,
but is currently being planned within the MaNGA collaboration.
4.7 Summary
In this chapter, we investigated the spatially resolved star formation his-
tories of early- and late-type galaxies from the MaNGA survey. The ob-
servational data was reintroduced, and the methodology used to classify a
galaxies morphology was examined. The extraction of stellar population
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Table 4.5: Table providing the results of previous literature studies on stellar
population gradients. Early-type galaxies (ET) are classified as both ellipti-
cal (E) and lenticular (S0) galaxies. For late-type galaxies, González Delgado
et al. (2015) break down their sample across the Hubble sequence (Sa, Sb,
Sbc, Sc, Sd) and these results are included here. Light- and mass-weighted
gradients are identified in the final column with LW and MW respectively.
Additionally, some of the studies below measure galaxy properties at differ-
ent radial extents, for the use of the reader we describe the nomenclature in
Appendix F.
Author Galaxy Sample Size Observation Radial ∇ Age ∇[Z/H] Units LW/MW
Type Size Type Range
This work ET 505 IFU 1.5Re 0.004± 0.06 −0.12± 0.05 dex/Re LW
This work ET 505 IFU 1.5Re 0.09± 0.05 −0.05± 0.07 dex/Re MW
Baes et al. (2007) ET 5 Long-slit 0.5− 3Re − ∼ −0.4 dex per radius dex LW
Bedregal et al. (2011) S0 9 Long-slit 1.5Re ∼ 0.2 ∼ −0.38 dex per radius dex LW
Coccato et al. (2010) ET 1 Long-slit 1Re 0.5± 1.05 −0.35± 0.02 dex per radius dex LW
Davies et al. (1993) ET 13 Long-slit 1− 1.3Re − −0.2± 0.10 dex per radius dex LW
De Propris et al. (2005) ET 22 Photometry < 1 log(R) − ∼ −0.3 dex per radius dex LW
González Delgado et al. (2015) E 41 IFU 2 HLR ∼ −0.21 ∼ −0.09 dex/HLR LW/MW
González Delgado et al. (2015) S0 32 IFU 2 HLR ∼ −0.17 ∼ −0.10 dex/HLR LW/MW
González Delgado et al. (2015) 〈ET〉 73 IFU 2 HLR ∼ −0.24 ∼ −0.07 dex/HLR LW/MW
Hirschmann et al. (2015) ET 10 Simulation 2− 6Re ∼ 0.04 ∼ −0.35 dex per radius dex LW
Kobayashi & Arimoto (1999) ET 80 Long-slit < 2Re − −0.3± 0.12 dex per radius dex LW
Koleva et al. (2011) ET 40 Long-slit < 2Re ∼ 0.1 ∼ −0.2 dex per radius dex LW
Kuntschner et al. (2010) ET 48 IFU < 1Re 0.02± 0.13 −0.28± 0.12 dex per radius dex LW
La Barbera et al. (2012) ET 674 Photometric < 8Re ∼ 0.1 ∼ −0.35 dex per radius dex LW
Mehlert et al. (2003) ET 35 Long-slit 1Re ∼ 0 ∼ −0.16 dex per radius dex LW
Rawle et al. (2008) ET 12 IFU 1Re 0.08± 0.08 −0.20± 0.05 dex per radius dex LW
Rawle et al. (2010) ET 19 IFU 1Re −0.02± 0.06 −0.13± 0.04 dex per radius dex LW
Reda et al. (2007) ET 12 Long-slit 1Re 0.04± 0.08 −0.25± 0.05 dex per radius dex LW
Roig et al. (2015) ET 153,614 Photometry 1Re − ∼ −0.2 dex per radius dex LW
Sánchez-Blázquez et al. (2007) ET 11 Long-slit < 2Re 0.16± 0.05 −0.33± 0.07 dex per radius dex LW
Spolaor et al. (2008) ET 2 Long-slit < 1Re −0.01± 0.04 −0.42± 0.06 dex per radius dex LW
Spolaor et al. (2009) ET 51 Long-slit 1Re − ∼ −0.16 dex per radius dex LW
Spolaor et al. (2010) ET 14 Long-slit 1− 3Re 0.03± 0.17 ∼ −0.22 dex per radius dex LW
Zheng et al. (2017) ET 463 IFU 0.5− 1.5Re −0.05± 0.01 −0.09± 0.01 dex/Re MW
This work LT 216 IFU 1.5Re −0.11± 0.08 −0.007± 0.1 dex/Re LW
This work LT 216 IFU 1.5Re 0.07± 0.07 −0.102± 0.1 dex/Re MW
González Delgado et al. (2015) Sa 51 IFU 1HLR ∼ −0.21 ∼ −0.09 dex/HLR LW/MW
González Delgado et al. (2015) Sb 53 IFU 1HLR ∼ −0.33 ∼ −0.10 dex/HLR LW/MW
González Delgado et al. (2015) Sbc 58 IFU 1HLR ∼ −0.47 ∼ −0.16 dex/HLR LW/MW
González Delgado et al. (2015) Sc 50 IFU 1HLR ∼ −0.26 ∼ −0.10 dex/HLR LW/MW
González Delgado et al. (2015) Sd 15 IFU 1HLR ∼ −0.03 ∼ 0.00 dex/HLR LW/MW
González Delgado et al. (2015) 〈LT〉 227 IFU 1HLR ∼ −0.29 ∼ −0.10 dex/HLR LW/MW
Jablonka et al. (2007) LT 32 Long-slit < 2Re 0.06± 0.2 −0.16± 0.3 dex LW
Morelli et al. (2012) LT 8 Long-slit 1.5Re 0.5± 0.9 −0.05± 0.15 dex LW
Morelli et al. (2015) LT 10 Long-slit rd95 − rLast ∼ −0.05 ∼ −0.2 dex LW
Sánchez-Blázquez et al. (2014) LT 62 IFU 1.5Re − rDisc −0.04± 0.01 −0.03± 0.006 dex/Re LW
Sánchez-Blázquez et al. (2014) LT 62 IFU 1.5Re − rDisc 0.0± 0.006 −0.09± 0.008 dex/Re MW
Zheng et al. (2017) LT 422 IFU 0.5− 1.5Re −0.08± 0.02 −0.14± 0.02 dex/Re MW
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properties from the observed IFU data and the corresponding translation
into radial gradients was discussed. The gradients obtained for a sample of
30 galaxies were compared to the results obtained using a different fitting
code, STARLIGHT, and different stellar population models. This com-
parison highlighted differences between the gradients obtained by the two
methods, ranging between 0.03-0.15 dex/Re. This is of the order of the
gradient signal itself, and therefore poses a systematic issue when conduct-
ing this kind of analysis. The effect of beam smearing was also addressed,
showing that the gradients presented in this thesis are not affected by this.
Overall, early-type galaxies were found to exhibit flat light-weighted age
gradients and negative metallicity gradients. In mass-weight, there is some
small radial dependence of age, with positive age gradients at all galaxy
masses pointing to an ‘outside-in’ progression of star formation (∼0.1 dex/Re).
Metallicity, on the other hand, is not affected by this and gradients are gen-
erally flat. Late-type galaxies have negative light-weighted age gradients
(∼ − 0.1 dex/Re) and mass-weighted age gradients which are flat. Both
light- and mass-weighted metallicity gradients are negative, with the latter
being slightly steeper. This points to an ‘inside-out’ progression of star for-
mation. Further to this, the spatially resolved star formation histories of
early- and late-type galaxies were derived in an attempt to elucidate the
nature of these gradients. The outermost regions of early-type galaxies are
dominated by old stellar populations (t∼10 Gyr), while a component of
intermediate-age (t'3 Gyr), metal-rich populations are present in the cen-
tre suggesting ‘outside-in’ formation. In late-type galaxies, instead, young,
metal-rich populations are seen at all masses and all radii. A well-defined
age-metallicity relation is detected with old, metal-poor and young, metal-
rich populations, similar to what is observed in the Milky Way. There is
mild evidence for ‘inside-out’ formation with some small excess of recent
star formation activity at large radii.
Lastly, the dependence of stellar population gradients on galaxy mass was
studied. Age gradients generally do not correlate with galaxy mass, both for
early- and late-type galaxies. This is different for metallicity gradients. The
metallicity gradients of late-type galaxies clearly depend on galaxy mass,
with the negative metallicity gradients of disc galaxies becoming steeper with
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increasing galaxy mass. The gradients range from ∼0 to ∼− 0.5 dex/Re in
late-types depending on galaxy mass. The correlation with mass is stronger
for late-type galaxies with a slope of d(∇[Z/H])/d(log M) ∼ −0.2 ± 0.05.
Early-type galaxies, instead, have metallicity gradients ranging from ∼0 to
∼ − 0.2 dex/Re, and the correlation with mass is weaker with a slope of
d(∇[Z/H])/d(log M) ∼ −0.05 ± 0.05 . The results obtained in this chapter
were then compared to those previously stated in the literature, showing
excellent agreement. In Chapter 5, I further investigate how the stellar
population gradients derived in this chapter depend on the environment in
which a galaxy resides.
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Chapter 5
Stellar population gradients as
a function of galaxy
environment
The evolution of the Universe involves a cosmological constant Λ and CDM.
During this evolution, CDM particles collapsed under their own self gravity
to form dark matter halos, these halos then merged hierarchically, subse-
quently deepening the gravitational potential well. Accretion of baryonic
matter into these halos produced the primordial seeds for galaxy formation.
The evolution of these protogalaxies through cosmic time produced the struc-
tures that are observed today. Observations of the LSS of the Universe tell
us that galaxies live in different environments such as clusters, filaments and
voids. Certain physical processes operate preferentially in particular environ-
ments, for example galaxy merging and ram pressure stripping is usually seen
in dense environments, whereas galaxies in voids remain largely untouched
accreting gas from the intergalactic medium. Therefore, it is natural to ask
what effect the galaxy’s environment has on its properties. In Chapter 1, I
discussed the set of disparate observational results that led us to conclude
that a galaxy’s environment might be a key driver in its evolution. These
studies however largely neglected the complex and rich internal structure of
galaxies where important environmental effects on properties such as stellar
population gradients might be seen (La Barbera et al., 2011). In this chap-
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ter, we provide an investigation into the dependence of age and metallicity
gradients on local galaxy environment, using a statistically significant sample
of galaxies from the MaNGA survey. In a parallel MaNGA study by Zheng
et al. (2017), the environmental dependence of stellar population gradients
is also investigated using a different environmental measure and full spectral
fitting code. An explanation on the complementary nature of this work and
differences in methodology will be explicated throughout this text. All of
the work presented in this chapter was originally published in Goddard et
al. (2017a).
This chapter is organised in the following manner; Section 5.1 recaps the
details of the MaNGA survey and the numerical tools used for full spectral
fitting and obtaining radial gradients. Section 5.2 provides a description of
the methodologies used to determine galaxy environment. In Section 5.3,
we present the results of the study. A discussion and comparison with the
literature is conveyed in Section 5.4 and a final summary is given in Sec-
tion 5.5. Throughout this chapter, the redshifts and stellar masses quoted
are taken from the Nasa Sloan Atlas catalogue (NSA, Blanton et al., 2005).
The effective radius (Re) of each galaxy is measured from SDSS photometry
by performing a Seŕsic fit in the r-band. When quoting luminosities, masses
and distances, we make use of a flat ΛCDM cosmology with Ωm = 0.3 and
H0 = 67 km−1 s−1 Mpc−1 (Planck Collaboration et al., 2015).
5.1 Data and Stellar Population Analysis
In Chapters 3 and 4 of this thesis I have provided a comprehensive descrip-
tion of the MaNGA data reduction and analysis pipelines, stellar population
analysis, method to construct gradients, and the scheme used to determine
a galaxies morphology. For the use of the reader, I highlight some of the
key information again here. We select an initial sample of 806 galaxies from
the MaNGA survey that were observed during the first year of operation.
Galaxies were observed using 5 different types of IFU, with sizes ranging
from 19 fibres (12.5′′ diameter) to 127 fibres (32.5′′ diameter), to optimise
these observations. Observational data was reduced using the MaNGA DRP
(Law et al., 2016) and then analysed using the MaNGA DAP (Westfall et
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Figure 5.1: An example early-type galaxy from the MaNGA survey (MaNGA
ID 1-114998) that has been observed with the 61 fibre IFU. The top row
(from left to right) shows the SDSS image of the galaxy and the correspond-
ing signal-to-noise map. The middle row shows the light-weighted age and
metallicity maps derived from FIREFLY, respectively. The bottom row
shows the radial profiles of light-weighted age and metallicity for the galaxy,
where the grey circles represent individual Voronoi cells from the DAP data
cube, the orange line shows the running median and the red line shows the
least squares fit. The gradient value and corresponding error is quoted in
the legend.
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Figure 5.2: The left-hand plot shows a section of the SDSS footprint and
the red circles highlight the positions of the observed MaNGA galaxies. The
right-hand plot shows a comparison of galaxy environments derived for the
SDSS DR12 subsample and for the MaNGA galaxy sample used in this
thesis. For the DR12 subsample, I imposed a redshift cut of z < 0.15 (as
this is the upper redshift limit of the MaNGA survey) and a magnitude cut
in the r band of Mr = −20.3. The red labels L, ML, MH and H correspond
to the different environmental density percentiles.
al., in prep). Galaxies were morphologically classified using the Galaxy Zoo
(Lintott et al., 2011) and split into two subsets, namely ‘Early-type’ galaxies
(Elliptical/Lenticular) and ‘Late-type’ galaxies (Spiral/Irregular). The full
spectral fitting code FIREFLY (see Chapter 2) and stellar population mod-
els of Maraston & Strömbäck (2011), utilising the MILES library (Sánchez-
Blázquez et al., 2006) and a Kroupa (2001) IMF, were used to derive stellar
population properties from the DAP Voronoi binned spectra with S/N ≥ 5.
This is different to the work of Zheng et al. (2017), where the full spectral
fitting code STARLIGHT (Cid Fernandes et al., 2005) and stellar popula-
tion models of Bruzual & Charlot (2003), with a Chabrier (2003) IMF, are
used to fit Voronoi binned spectra with S/N ≥ 20. A comparison between
the different codes was presented in Chapter 4. The on-sky x and y position
(relative to the galaxy centre) of each Voronoi cell is used to calculate semi-
major axis coordinates, which is then used to define a radius R of the cell.
The radial gradient of a stellar population property θ (e.g. log(Age(Gyr)),
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[Z/H]) in units of dex/Re, is then given as:
∇θ = dθ/dR, (5.1)
where R is the radius in units of effective radius Re. The gradient is mea-
sured using least-squares linear regression (see Figure 5.1) and errors on the
gradients are calculated using a Monte Carlo bootstrap resampling method
(Press et al., 2007).
Due to the complex geometry of the SDSS footprint (which consists of
an array of parabolic strips), some MaNGA galaxies that reside close to the
footprint edge had to be excluded from the analysis because an accurate
measure of environment was not possible. In order to locate galaxies close to
the edge, an algorithm developed in Etherington & Thomas (2015) was used.
Given an initial galaxy survey dataset (consisting of right ascension and dec-
lination), the algorithm constructs a higher order polygon which locates the
boundaries of a survey in the following way. A thin rectangle is constructed
over the footprint of the survey area on top of the most central data point.
The data point which is furthest away from the central data point, but still
inside the rectangle, is determined and used as boundary point Ni. The thin
rectangle is then rotated around a full circle in small angular increments,
eventually constructing a polygon of N sides which describes the survey
footprint. A section of the SDSS footprint calculated using this algorithm
is shown in the left-hand panel of Figure 5.2. Galaxies that are within a
conservative angular distance of this boundary are not used for scientific
analysis but are still used to determine other galaxies environments. Further
to this, a number of galaxies that were in the final morphologically classified
sample had to be neglected from the final analysis due to having unreliable
velocity dispersion estimates from the DAP. This led to the exclusion of 85
galaxies (33 early-type galaxies and 52 late-type galaxies spanning a range
of environments and masses) from our original sample of 806 galaxies, leav-
ing 505 early-type galaxies and 216 late-type galaxies (70% and 30% of the
sample, respectively).
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5.2 Galaxy Environment
A galaxy’s environment is the density field in which it resides. This is deter-
mined by the conglomeration of baryonic and dark matter in the vicinity of
the galaxy. There are a number of different methods used to quantify envi-
ronment in the literature, yet no one consensus has been found. The most
commonly employed methods are fixed aperture and nearest neighbour, how-
ever more complex methods taking into account redshift space distortions
(Cooper et al., 2005; Schawinski et al., 2007), and tidal tensor prescriptions
based on the Hessian of the gravitational potential are also readily used
(Hahn et al., 2007; Wang et al., 2009, 2012; Eardley et al., 2015). There
are pros and cons of each method and although work has shown that the
different determinations of environment are generally well correlated, they
often exhibit considerable scatter (Cooper et al., 2005; Wilman et al., 2010;
Muldrew et al., 2012). A pivotal factor when adopting a method to derive
galaxy environment is to decide on the scale that one wishes to probe. Blan-
ton & Berlind (2007) showed that environmental effects on galaxy properties
such as colour are strongest on scales less than 1 Mpc, whereas secular en-
vironmental processes such as gas accretion will be visible on much smaller
scales. In this chapter, we focus on the ‘local’ environment of a galaxy which
is well approximated using nearest neighbour methods. We complement
our local environment measurements by additionally quantifying the gravi-
tational force exerted on a galaxy using the tidal strength estimator Q, and
distinguishing between central and satellite galaxies in dark matter halos.
In Zheng et al. (2017), environment is described using a galaxy’s location
in the LSS; being categorised into either a cluster, filament, sheet or void
environment [see Hahn et al. (2007); Wang et al. (2009, 2012)]. A compari-
son of the Zheng et al. (2017) study and the results presented here, will be
provided in the Section 5.4. In the next few subsections, I will provide a
detailed description of each of the methods used in this chapter.
5.2.1 The Nearest Neighbour Method
Nearest neighbour methods involve choosing a number of neighbours N , and
calculating the distance to the Nth neighbour. With this distance, a circular
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Figure 5.3: Example cylindrical apertures based on two environment meth-
ods mentioned in Section 5.2, fixed aperture (left-hand panel) and Nth near-
est neighbour (right-hand panel). In both images galaxies are plotted as red
filled circles. The right-hand panel shows N = 5 neighbours, which is what is
used in this thesis. The length l is equivalent to the ±∆zc notation adopted
in Section 5.2.1. This image was taken from the Ph.D. thesis of James Ether-
ington.
aperture can be constructed around the galaxy in question and the number
density of galaxies within this aperture is calculated. The number density
ρN is given by:
ρN =
N
pir2N
, (5.2)
where rN is the distance to the Nth neighbour, with small values of rN
implying a dense environment. One issue with this approach is that galaxies
within the aperture that appear close together could actually be far away in a
3rd dimension. In Li et al. (2012), it was shown that using a 3D cylinder leads
to a better estimate of the relevant volume around a galaxy in observational
data. This geometric structure can be created by incorporating an extra
dimension using a redshift window ±∆zc (see Figure 5.3). The choice of
N and ±∆zc is important, as small differences will alter the scales probed
by the environmental study. Baldry et al. (2006) suggested that the optimal
number of N was an average of N = 4 and N = 5, whereas Park et al. (2007)
and Cowan & Ivezić (2008) preferred to use much larger combinations of N .
In Gallazzi et al. (2009), a redshift window of ±∆zc = 500kms−1 was used,
whereas Grützbauch et al. (2011) used ±∆zc = 1000kms−1 to study local
environment. The heterogeneous selection of N and ±∆zc highlights the
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Figure 5.4: Magnitude-redshift distribution for the SDSS DR12 galaxy sam-
ple used in the calculation of a galaxy’s environment. Galaxies that lie in
the grey shaded region are used in the density defining population (DDP).
lack of a ‘one size fits all’ approach to galaxy environment. In this chapter,
I determine local galaxy environment for a large sample of galaxies drawn
from the SDSS DR12 (Alam et al., 2015) using a 5th nearest neighbour
algorithm developed in Etherington & Thomas (2015), adopting a redshift
window of ±∆zc = 1000kms−1. The algorithm has been robustly tested
and used in studies on galaxy datasets from both the SDSS and the Dark
Energy Survey (DES, Etherington et al., 2017). I subsequently crossmatch
the MaNGA galaxies via RA, DEC, and z to the SDSS galaxies to derive
their corresponding local environment values. In the next few paragraphs, I
will provide an overview of some of the key components of the algorithm.
Before running the code, a sample of galaxies that are brighter than some
magnitude must be selected to trace the density field throughout redshift.
The selection of a density defining population (DDP) is a trade off between
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Figure 5.5: Geometric representation of the distance between a galaxy (A), a
nearby galaxy (B), and the observer (O). This image was originally presented
in the Ph.D. thesis of James Etherington.
the size of the redshift range and the number of galaxies. In this chapter, I
impose a magnitude cut of Mr = −20.3 so that only galaxies with a magni-
tude less than this were included in my DDP (see Figure 5.4). Following the
selection of a DDP, a galaxy’s environment can be calculated. For a single
galaxy A, and DDP member B, the code computes the difference in angle θ
between their corresponding RA and DEC using the following equation:
θ = 2 sin−1
√
sin2
(
δB − δA
2
)
+ cos(δB) cos(δA) sin
2
(
αB − αA
2
)
, (5.3)
where αA, δA are the RA and DEC of galaxy A and αB, δB are the RA
and DEC of DDP member B, respectively. Figure 5.5, which is taken from
the Ph.D. thesis of James Etherington, shows a geometrical representation
of the distance between these two galaxies. The comoving distances of both
galaxies, dA and dB, can be calculated in a spatially flat ΛCDM universe
using the integral:
d =
c
H0
∫ z
0
dz′√
Ωr(1 + z′)4 + Ωm(1 + z′)3 + ΩΛ
, (5.4)
where Ωm, Ωr, ΩΛ are the energy densities corresponding to matter, radiation
and the cosmological constant, respectively. c is the speed of light in vacuum,
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H0 is the Hubble constant and z is the redshift of the object. The other
distances shown in Figure 5.5, such as s, ra, rb and rc, can be calculated as:
ra = dA tan(θ) , (5.5)
rb = dB cos(θ)− dA , (5.6)
rc = dB sin(θ) , (5.7)
s =
√
r2b + r
2
c . (5.8)
The steps above are then repeated for each member of the DDP. Once this
is complete, the number density of galaxies within a cylindrical aperture
centred around galaxy A can be computed. For a galaxy to be inside the
aperture it must be inside the specified redshift range ±∆zc and within
θ < θmax, where θmax is the angle of the 5th neighbour with respect to the
target galaxy. The number density of galaxies within the cylindrical volume
is given by:
ρ =
3n
2pi
1
(1− cos(θmax)((dA + ∆zc)3 − (dA −∆zc)3) , (5.9)
where ρ is expressed as a number per unit volume, with units of Mpc−3.
Before the number density is calculated, one additional matter must be
addressed. In multi-object spectroscopy, light from a galaxy in the focal
plane of the telescope is fed to the spectrograph using fibers. In the SDSS,
fibers are hand plugged and held in place by circular aluminium plates which
are designed to observe specific galactic objects in the night sky. Due to this
approach and the finite size of the fibers, galaxies separated by an angular
radius of 55′′ or less cannot be observed as this would result in a fiber colli-
sion. This observational dilemma is an issue when measuring local number
density for some galaxies, as very close by neighbouring galaxies will be ne-
glected from the calculation. To account for this, the code calculates a target
sampling rate (TSR) correction using the SDSS DR12 photometric data as
follows:
TSR =
Nphoto
Nspectro
, (5.10)
where Nphoto and Nspectro are the number of galaxies observed photometri-
cally and spectroscopically in the FoV, respectively. The number of galaxies
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within the cylindrical volume in equation 5.9 is then adjusted for this ac-
cordingly. In order to obtain a galaxy’s environment, a local overdensity is
defined:
δ =
ρi − ρm
ρm
, (5.11)
where ρi is the number density obtained in equation 5.9 and ρm is the mean
density of galaxies within a redshift window centred on the target galaxy
utilising all of the available area. ρm is calculated by dividing the number
of DDP galaxies within a redshift window (corrected for the TSR) by the
volume of that redshift window. I calculate ρm in redshift bins of 0.01 for
the SDSS galaxies and interpolate between these bins to ensure that it is
a smooth continuous function of redshift. A galaxy’s local environment is
then given by:
log(1 + δ) . (5.12)
From the environment measurements, we construct the distribution of
environments for the MaNGA galaxy sample and compare this to the distri-
bution of environments obtained for a larger magnitude and redshift matched
sample of SDSS DR12 galaxies. This comparison provides a sanity check
that the MaNGA galaxy sample used in this work is not biased and only
sampling galaxies from particular environmental densities. The right-hand
panel of Figure 5.2 shows this distribution of environments for the MaNGA
galaxy sample compared to the environments of the SDSS DR12 sample.
Overall there is excellent agreement between the two distributions suggest-
ing that the environmental densities of the MaNGA sample used here are
representative of the environmental density distribution derived from a much
larger, statistically complete sample. We subsequently split the MaNGA en-
vironment distribution into quartiles to define four different environmental
densities (see bottom panel of Figure 5.2). Galaxies were then assigned to
one of these groups.
(i) log(1 + δ) < 25th percentile = Low δ;
(ii) 25th percentile < log(1 + δ) < 50th percentile = Mid-Low δ;
(iii) 50th percentile < log(1 + δ) < 75th percentile = Mid-High δ;
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Figure 5.6: Distributions of stellar mass [log(M/M)] for the four different
environmental bins that make up the sample used in this work. Galaxy
masses are drawn from the Nasa Sloan Atlas catalogue (NSA). The mean µ
and 1σ value of each distribution are quoted in the legend.
(iv) log(1 + δ) > 75th percentile = High δ.
The number of galaxies in each environmental bin for our final analysis is
180, 178, 182 and 181, respectively. The distribution of galaxy masses that
make up these bins can be seen in Figure 5.6. It can be seen that each bin
of environmental density samples the full mass range and recovers well the
mass-density relation found in Baldry et al. (2006), where the most massive
galaxies live in the densest environments.
5.2.2 Mass-Dependent Environmental Measure
Possible biases can arise when quantifying galaxy environment using just
the number density of galaxies. Consider for example, galaxies in an iso-
lated triplet system. The local number density given by the nearest neigh-
bour method would likely determine a low density environment as the 5th
neighbour may be very far away. Yet, there may be significant gravitational
interaction caused by the nearby galaxies which could lead to environmental
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effects. A way of addressing this is to use a complementary mass-dependent
environmental measure. In this thesis, we do this by quantifying the gravita-
tional interactions experienced by a galaxy using the tidal strength estimator,
Q. The tidal strength estimator quantifies the strength of gravitational in-
teraction that nearby neighbouring galaxies inflict on a central galaxy with
respect to its internal binding forces (Argudo-Fernández et al., 2013, 2014,
2015). Similar to the nearest neighbour method described above, a number
of neighbours must be selected in order to calculate the cumulative force
exerted on the target galaxy. Here, we once again choose N = 5. The force
exerted by one neighbour, Qip, is given by:
Qip =
FTidal
FBinding
∝ Mi
Mp
(
Dp
Rip
)3
, (5.13)
where Mi is the mass of the neighbouring galaxy, Mp is the mass of the
primary galaxy, Dp is the apparent diameter of the galaxy estimated by an
isophote containing 90% of the total r-band flux of the galaxy and Rip is the
projected distance between the neighbour and primary galaxy. Assuming a
linear mass-luminosity relation (Bell et al., 2003, 2006) the stellar mass is pro-
portional to the r-band flux, Fr, at a fixed distance, with mr = −2.5 log(Fr).
The formula for one neighbour can be written as:
Qip = 0.4
(
mpr −mir
)
+ 3 log
(
Dp
Rip
)
, (5.14)
where mpr and mir are the apparent magnitudes in the r-band of the primary
galaxy and neighbour respectively. The tidal parameter Q for N galaxies is
then defined as the dimensionless quantity of the gravitational interaction
strength created by all the neighbours in the field:
Q = log
(
N∑
i=1
Qip
)
. (5.15)
A low value of Q implies that the primary galaxy in question is well isolated
from external influences. Contrariwise, a high value of Q implies signifi-
cant interaction. Measurements of Q for the whole sample of SDSS DR12
galaxies were calculated by my collaborator Maria Argudo-Fernandez and
then provided to me. I subsequently crossmatch the MaNGA galaxies via
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Figure 5.7: Comparison between the environments calculated using the Nth
nearest neighbour method and the Q parameter. The red points represent
individual galaxies used in this work and the grey contours represent the
density of points. The Spearman’s rank correlation coefficient is 0.4.
RA, DEC, and z to the SDSS galaxies to determine their Q values. Fig-
ure 5.7 shows a density plot comparing the environment derived using the
Nth nearest neighbour and the Q parameter. There is reasonable correlation
between the measurements, with a Spearman’s rank correlation coefficient
of 0.4, but with a large degree of scatter. This agrees with the studies of
Cooper et al. (2005), Wilman et al. (2010), and Muldrew et al. (2012) who
find that although environment measurements are generally correlated, there
is considerable dispersion.
5.2.3 Central and Satellite Galaxies
Most galaxies in the Universe are situated in many body systems. This
can range from dense clusters of thousands of galaxies to galaxy pairs. The
central galaxies in clusters tend to be the most luminous and most massive
galaxies in the Universe and reside at the potential minimum of the dark
matter halo. These galaxies also seem to be drawn from a different lumi-
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nosity function compared to most other bright elliptical galaxies (Bernstein
& Bhavsar, 2001), thus hinting at a different evolutionary process. Satel-
lite galaxies - which are galaxies moving relative to the potential minimum
(having fallen into the larger halo) - are also thought to have unique evolu-
tionary signatures. Their star formation is thought to be rapidly quenched
when gas is removed due to ram pressure stripping in clusters and super-
nova feedback. Therefore, it is interesting to consider how stellar population
gradients in central and satellite galaxies change as a function of local envi-
ronment. To determine central/satellite galaxies, I use the halo-based group
finder catalogue of Yang et al. (2007).
In Yang et al. (2007), galaxies from the SDSS DR4 (Adelman-McCarthy
et al., 2006) with an r-band magnitude brighter than 18 mag and z < 0.20
were selected and an iterative halo-based group finder was used to identify
the location of galaxies within different dark matter halos. The group finder
works in the following way (see Yang et al., 2007, for a detailed discussion):
(i) Step 1: Find potential group cluster - Potential groups are located
using a Friends-of-Friends algorithm (FoF, Davis et al., 1985) with
a specific linking length along both the line of sight and transverse
direction. The luminosity weighted centres of all identified FoF groups
with two or more members are calculated, and used as the centres for
the next iteration. All galaxies not linked during the FoF stage are
also treated as potential centres of halos.
(ii) Step 2: Determine the characteristic luminosity of each ten-
tative group - The luminosities of galaxies in the group are summed,
and corrections for survey completeness and magnitude limits are taken
into account.
(iii) Step 3: Estimate mass, size and σ of the DM halo associated
with each tentative group - Using the luminosity, the mass of the
halo is estimated using a M/L ratio. Assuming a cosmological model
(Spergel et al., 2007) and prescriptions for the dark matter density
profile (Navarro et al., 1997), the radius r and velocity dispersion σ of
the halo is determined.
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(iv) Step 4: Update group membership using halo information -
For each galaxy, the radial distance and the redshift difference from
the centre of the halo is computed. The number density of galaxies
is then calculated. If the number density is greater than an appro-
priately chosen background level, the galaxy is assigned to the group.
If a galaxy can be assigned to multiple groups, the one for which the
number density is greatest is chosen. If all members in two groups can
be assigned to one group using the aforementioned criteria, the two
groups become one.
(v) Step 5: Iterate - Using the new memberships in Step 4, the group
centres are recomputed and the algorithm goes back to Step 2. This
process iterates until there is no further change in group membership.
The Yang et al. (2007) catalogue is publicly available and contains the
number of galaxies located in each of the dark matter halos, their luminosity,
stellar mass, and SDSS identifier. I subsequently crossmatch the MaNGA
galaxies via RA, DEC, and z to the SDSS galaxies to determine their loca-
tion in a dark matter halo. I define the most massive and luminous galaxies
in the dark matter halo as centrals, and others as satellites. Galaxies residing
in their own dark matter halo are also taken into account and labelled as sin-
gle centrals. The MaNGA galaxy sample used in this chapter encompasses
478 central and 243 satellite galaxies. The satellite fraction of ∼33% used
in this work is an appropriate representation of the local galaxy population,
as it is similar to the fraction obtained in the larger MaNGA parent sample
(∼31%) and to the fraction calculated at z∼0.03 in the complete Yang et al.
(2007) catalogue (∼30%). Figure 5.8 shows the satellite fraction as a func-
tion of mass from this work compared to the MaNGA parent sample. Again,
we see that the galaxy sample used in this work is representative of a larger,
more statistically complete galaxy sample. In later sections, we use our Nth
nearest neighbour measurements of environment to investigate whether stel-
lar population gradients are different in central and satellite galaxies, and
whether there are possible dependencies on local environmental density.
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Figure 5.8: Comparison of the satellite fraction as a function of mass, for
both this work (red) and the larger MaNGA parent sample (grey). Overall,
there is excellent agreement.
5.3 Results
In Chapter 4, we found that early-type galaxies generally exhibit shallow
light-weighted age gradients [∇ log(Age(Gyr))LW ∼ − 0.004 dex/Re] and
slightly positive mass-weighted age gradients [∇ log(Age(Gyr))MW ∼0.092
dex/Re]. Light- and mass-weighted metallicity gradients tend to be neg-
ative (∇[Z/H]LW ∼ − 0.12 dex/Re, ∇[Z/H]MW ∼ − 0.05 dex/Re). These
values agree well with previous literature, such as Mehlert et al. (2003)
(∇ log(Age(Gyr))LW ∼0 dex per radius dex, ∇[Z/H]LW ∼ − 0.16 dex per
radius dex), Rawle et al. (2010) (∇ log(Age(Gyr))LW ∼ − 0.02 dex per ra-
dius dex, ∇[Z/H]LW ∼ − 0.13 dex per radius dex, Spolaor et al. (2009)
(∇[Z/H]LW ∼− 0.16 dex per radius dex), and modern cosmological simula-
tions (Hirschmann et al., 2015). However, the light-weighted metallicity gra-
dients found for early-types are shallower than what is found by Kuntschner
et al. (2010) (∇[Z/H]LW = −0.28 ± 0.12 dex per radius dex). There are
a number of possible reasons for this difference in gradient value. Firstly,
the choice of stellar population models and stellar library is important when
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deriving gradients. It was shown in Chapter 4 [and can be seen in González
Delgado et al. (2015)], that the use of different models can lead to offsets in
the derived gradients by 0.03-0.15 dex. Secondly, depending on the spatial
resolution of the data, beam smearing can flatten out the inferred radial
gradient. SAURON data are used in Kuntschner et al. (2010), which have
much higher spatial resolution than MaNGA data. However, the effect of
beam smearing was investigated in Chapter 4 and we found no significant
impact on the gradients. Lastly, the radial range over which the gradient is
calculated can also have a significant effect on the gradient, as it was shown
in González Delgado et al. (2015) that different gradients can be found in
the inner and outer regions of a galaxy. A comprehensive discussion of the
derived metallicity gradients from the literature was discussed in Chapter 4,
and the median literature metallicity gradient was found to be µ = −0.24,
with a dispersion of σ = 0.1. The result obtained in this thesis, and that of
Kuntschner et al. (2010), sit reasonably well within this range.
For late-type galaxies, we found negative light-weighted age gradients
and flat mass-weighted age gradients [∇ log(Age(Gyr))LW ∼ −0.11 dex/Re
and ∇ log(Age(Gyr))MW ∼ 0.01 dex/Re]. Both light- and mass-weighted
metallicity gradients were found to be negative (∇[Z/H]LW ∼ −0.07 dex/Re
and∇[Z/H]MW ∼ −0.10 dex/Re), similar to what was found in the CALIFA
survey (Sánchez-Blázquez et al., 2014; González Delgado et al., 2015) and
consistent with the ‘inside-out’ formation of disc galaxies. In Chapter 4, we
also investigated the relationship between stellar population gradients and
stellar mass by fitting linear relationships in the gradient-mass plane. We
found that no correlation exists between age gradients and mass for both
early- and late-type galaxies. However, there is a correlation between the
negative metallicity gradients and mass, where the gradients become steeper
with increasing galaxy mass. In the next section, we break these results
down further and investigate the relationship between the stellar population
gradients of both early- and late-type galaxies with galaxy environment,
as described by the three independent environment measures discussed in
Section 5.2.
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Figure 5.9: Light- and mass-weighted stellar population gradients in age
(left-hand panels) and metallicity (right-hand panels) as a function of galaxy
mass for different local environmental densities, for early-type galaxies. The
different marker colours indicate the four environmental densities described
in Section 5.2.1. The right-hand sub-panels show the distribution of the
gradients for the whole sample and for the four different environment bins.
The median value µ for each distribution is also quoted in the legend.
5.3.1 Local Density
Figures 5.9 and 5.10 show the derived light- and mass-weighted stellar popu-
lation gradients as a function of stellar mass log(M/M) for the four different
environmental densities defined using the Nth nearest neighbour method.
Additionally, Table 5.1 shows the corresponding median gradients with 1σ
errors for each environment. For early-type galaxies (Figure 5.9), the light-
and mass-weighted stellar population gradients appear to be fairly homoge-
nous across the different environments and are in good agreement with the
gradients obtained for the whole sample. Light- and mass-weighted ages for
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Figure 5.10: Light- and mass-weighted stellar population gradients in age
(left-hand panels) and metallicity (right-hand panels) as a function of galaxy
mass for different local environmental densities, for late-type galaxies. The
different marker colours indicate the four environmental densities described
in Section 5.2.1. The right-hand sub-panels show the distribution of the
gradients for the whole sample and for the four different environment bins.
The median value µ for each distribution is also quoted in the legend.
each environmental density fluctuate around ∼0 dex/Re and ∼0.9 dex/Re,
and light- and mass-weighted metallicities tend to be negative, with values
around ∼ − 0.12 dex/Re and ∼ − 0.05 dex/Re, respectively. The story is
similar for late-types (Figure 5.10), where light- and mass-weighted ages are
fairly consistent across the different environments, yielding median gradient
values of ∼−0.1 dex/Re and ∼0 dex/Re. Metallicity gradients tend to have a
greater scatter, but there is no significant deviation from one environmental
density to another.
To further test these conclusions, we conducted simple Kolmogorov-
Smirnov (K-S) tests on the distributions of gradients for the different en-
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vironmental densities. The K-S test checks whether two distributions are
drawn from the same underlying distribution. If environmental effects are
noticeable, there will be a significant difference when comparing the cu-
mulative distribution functions of the two most contrasting environmental
densities. For this reason, we conduct the K-S tests on the Low-δ and High-
δ distributions. In an attempt to account for the errors on the individual
gradients when calculating the K-S statistic and p-value, we used a Monte-
Carlo bootstrap resampling method. This involved resampling the datasets
and recalculating the quantities of order 500 times. This provides an error
on the K-S statistic and p-value which should take into account the errors on
the gradients. Results of this analysis can be seen in Table 5.2. Overall the
cumulative distributions of gradients do not differ much between the low-
est and highest density environments for both early- and late-type galaxies,
with p-values ranging between 0.25 and 0.91. For light-weighted metallicity
gradients in early-type galaxies however, there seems to be some difference
between the two distributions with p-value = 0.01 ± 0.10, thus suggesting
being drawn from different underlying distributions and evidence for some
environmental dependence. The error, obtained via Monte Carlo bootstrap
resampling, on this value is quite large and therefore it cannot be conclu-
sively stated that there is an environmental dependence on the light-weighted
metallicity gradients of early-type galaxies.
In Chapter 4, we looked at the relationships between stellar population
gradients and stellar mass by fitting linear relationships in the gradient-mass
plane. We extend this exercise here by fitting these relations to each of the
different environmental densities to see if there is any environmental effect on
this mass dependence. Table 5.3 shows the slopes of the relationship between
stellar population gradient and galaxy mass for the various environmental
density bins and galaxy types. There appears to be no significant slope for
both early- and late-type galaxies, suggesting that there is no dependence of
these relationships on environmental density.
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Table 5.1: Median light-weighted and mass-weighted gradients for both
early-type and late-type galaxies. The gradients are split by different envi-
ronmental densities. Errors correspond to the 1σ value from the distribution.
Morphology Property Low δ Mid-Low δ Mid-High δ High δ
∇ (dex/Re) ∇ (dex/Re) ∇ (dex/Re) ∇ (dex/Re)
Early-Type Mass Weighted Age 0.092 ± 0.10 0.108 ± 0.08 0.092 ± 0.08 0.078 ± 0.07
Light Weighted Age -0.014 ± 0.09 0.013 ± 0.08 -0.007 ± 0.09 -0.009 ± 0.07
Mass Weighted [Z/H] -0.06 ± 0.09 -0.059 ± 0.08 -0.051 ± 0.09 -0.049 ± 0.07
Light Weighted [Z/H] -0.132 ± 0.09 -0.137 ± 0.08 -0.128 ± 0.07 -0.102 ± 0.07
Late-Type Mass Weighted Age 0.03 ± 0.12 0.016 ± 0.15 0.021 ± 0.16 -0.01 ± 0.20
Light Weighted Age -0.125 ± 0.12 -0.109 ± 0.15 -0.102 ± 0.17 -0.106 ± 0.20
Mass Weighted [Z/H] -0.09 ± 0.12 -0.164 ± 0.15 -0.119 ± 0.16 -0.024 ± 0.20
Light Weighted [Z/H] -0.059 ± 0.12 -0.096 ± 0.14 -0.104 ± 0.15 -0.02 ± 0.19
Table 5.2: Table showing the corresponding Kolmogorov-Smirnov statistic
(K-S) and p-value for the empirical cumulative distribution function (ECDF)
of the lowest and highest environmental densities. As the K-S test only cares
about the raw gradient value, errors on the K-S statistic and p-values were
calculated via Monte-Carlo methods to attempt to account for the errors on
the individual gradients.
Morphology Property K-S Statistic p-value
Early-Types Light-Weighted Age 0.01± 0.04 0.55± 0.24
Mass-Weighted Age 0.12± 0.04 0.37± 0.16
Light-Weighted [Z/H] 0.21± 0.07 0.01± 0.10
Mass-Weighted [Z/H] 0.11± 0.04 0.48± 0.20
Late-Types Light-Weighted Age 0.10± 0.06 0.91± 0.25
Mass-Weighted Age 0.24± 0.09 0.25± 0.25
Light-Weighted [Z/H] 0.15± 0.06 0.78± 0.27
Mass-Weighted [Z/H] 0.16± 0.07 0.69± 0.27
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Table 5.3: Slopes of the linear relationship between stellar population gra-
dient and galaxy mass obtained for both early- and late-type galaxies in
different environmental densities.
Morphology Environment Light-Weighted Age Mass-Weighted Age Light-Weighted [Z/H] Mass-Weighted [Z/H]
Early-Types Low δ 0.02± 0.08 0.01± 0.04 0.04± 0.06 −0.07± 0.08
Mid-Low δ −0.01± 0.07 0.02± 0.05 −0.08± 0.09 −0.09± 0.06
Mid-High δ −0.06± 0.09 0.01± 0.04 −0.02± 0.04 −0.09± 0.07
High δ −0.02± 0.05 −0.03± 0.08 −0.04± 0.07 −0.07± 0.10
Late-Types Low δ −0.08± 0.07 −0.02± 0.05 −0.10± 0.07 −0.19± 0.07
Mid-Low δ −0.04± 0.08 0.03± 0.03 −0.08± 0.10 −0.10± 0.10
Mid-High δ −0.06± 0.06 −0.02± 0.04 −0.24± 0.09 −0.41± 0.16
High δ 0.04± 0.06 0.01± 0.06 −0.18± 0.06 −0.13± 0.13
5.3.2 Mass-Dependent Environmental Measure
Our analysis using the tidal strength estimator follows in exactly the same
vein as Section 5.3.1 and galaxies were classified into four different envi-
ronmental densities (low Q, mid-low Q, mid-high Q and high Q), based
on quartiles of the environment distribution. The results of this analysis
are shown in Figure 5.11, where we plot the stellar population gradient as
a function of different environmental densities. Overall, we find that the
light-weighted age gradients for both early- and late-type galaxies do not
vary between different environments, with values of ∼0 dex/Re and ∼− 0.1
dex/Re being recovered. This is true also for the mass-weighted gradients,
where gradient values in each density bin are ∼0.1 dex/Re and ∼0 dex/Re.
Light- and mass-weighted metallicity gradients for both early- and late-type
galaxies also show no significant dependence on the environment, with me-
dian values of ∼−0.15 dex/Re, ∼−0.05 dex/Re, ∼−0.05 dex/Re and ∼−0.1
dex/Re being recovered in the different density bins.
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Figure 5.11: Figure showing the median gradients obtained in different environmental densities using the Q parameter. Top
panels show early-type galaxies and bottom panels show late-type galaxies. From left to right, the plots show the light-weighted
age, mass-weighted age, light-weighted [Z/H] and mass-weighted [Z/H]. The error bars correspond to the standard deviation
of the distribution.
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To conclude, we find no dependence of stellar population gradients on this
alternative measurement of environmental density. This further strengthens
the conclusion that was presented in Section 5.3.1 using the Nth nearest
neighbour method, that the gradients of both early- and late-type galaxies
are at most weakly dependent on environment.
5.3.3 Central and Satellite Galaxies
Figure 5.12 shows the light-weighted age and metallicity gradients for cen-
tral (grey) and satellite (red) galaxies, as a function of local environment.
Table 5.4 shows the numerical results of this analysis. First, Figure 5.12
shows that stellar population gradients are independent of environmental
density, as no correlation is evident between stellar population gradient and
local density. This can be quantitively described by fitting a line through
the stellar population gradient-environment plane in each panel plot. We
find that light- and mass-weighted stellar population gradients generally do
not correlate with local environment neither for central nor satellite galaxies.
Further to this, we do not detect any evidence for a difference in gradients
between central and satellite galaxies (see also Table 5.4). We conclude that
a galaxy’s environment, whether measured as local environmental density or
through central/satellite classification, does not appear to have any signifi-
cant effect on the age and metallicity gradients. This result agrees well with
a recent IFU study of nearby massive galaxies as part of theMASSIVE sur-
vey, where it was found that even at large radius, internal properties matter
more than environment in determining star formation history (Greene et al.,
2015).
5.3.4 Environmental Trends
Red fraction of galaxies as a function of environment
To ensure that the galaxy sample size used in this work was sufficient to
identify different environmental impacts on stellar population gradients, we
attempted to reproduce known environmental trends on galaxy properties.
Peng et al. (2010) studied the fraction of red galaxies as a function of environ-
ment and mass and found higher fractions of red galaxies exist in denser en-
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Figure 5.12: Light- (top) and mass-weighted (bottom) stellar population
gradients in age (left-hand panels) and metallicity (right-hand panels) for
central (grey) and satellite (red) galaxies as a function of environmental
density. Central galaxies that have no satellite companions in their dark
matter halo are shown by circular markers. The distributions in the top
panels shows the distribution of environments for the central and satellite
galaxies, the right-hand panels show the distributions of the gradients for
centrals and satellites, respectively.
vironments. We took a sample of galaxies in our study (10 < log(M/M) <
10.9), and calculated the red fraction for three different bins of environment.
The bins were defined in a similar fashion to what was done for the Nth near-
est neighbour, but this time using tertiles of the environment distribution.
First, the (u− g)REST colour for each galaxy was calculated using:
(u− g)REST = (u− g)− kug , (5.16)
where kug is the K-correction, which is small for the low-redshift galaxy
sample used in this work (kug ≈ 0.05 magnitudes). Secondly, we used the
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Table 5.4: Median light- and mass-weighted age/metallicity gradients ob-
tained for the 478 central and 243 satellite galaxies from the MaNGA galaxy
sample, for different environmental densities. Errors on the quantities are
given by 1/
√
N where N is the number of galaxies in that specific bin.
Property Classification Low δ Mid-Low δ Mid-High δ High δ
∇ (dex/Re) ∇ (dex/Re) ∇ (dex/Re) ∇ (dex/Re)
Light-Weighted Age Central −0.01± 0.05 −0.04± 0.06 −0.03± 0.06, −0.01± 0.05
Satellite 0.01± 0.07 −0.02± 0.08 0.01± 0.06 −0.01± 0.07
Mass-Weighted Age Central 0.06± 0.05 0.11± 0.06 0.10± 0.06 0.08± 0.05
Satellite 0.10± 0.07 0.12± 0.08 0.09± 0.06 0.08± 0.07
Light-Weighted [Z/H] Central −0.14± 0.05 −0.10± 0.06 −0.10± 0.06 −0.11± 0.05
Satellite −0.15± 0.07 −0.11± 0.08 −0.13± 0.06 −0.11± 0.07
Mass-Weighted [Z/H] Central −0.03± 0.05 −0.07± 0.06 −0.01± 0.06 −0.05± 0.05
Satellite −0.09± 0.07 0.04± 0.08 −0.05± 0.06 0.04± 0.07
transform equation of Lupton (2005), found on the SDSS website, to get
(U −B)REST colours:
(U −B)REST = 0.8116((u− g)REST)− 0.1313 . (5.17)
Lastly, following the prescription of Peng et al. (2010), a dividing line was
then employed so that we could define different galaxy populations. The
dividing line has the form:
(U −B)REST = 1.10 + 0.075 log(m/1010M)− 0.182 . (5.18)
Galaxies with (U −B)REST greater than this were classed as red, and galax-
ies under this line were classed as blue (see Figure 5.13). We find that in the
lowest density environments, the red fraction is 36% and then increases up to
50% in the next environmental density. In the highest density environment
the fraction of red galaxies increases to 60%. This trend is similar to what
was found in Peng et al. (2010). It is reassuring to see that environmental
effects can be detected with the present density estimates and sample size.
Hence, any significant trends between stellar population gradient and envi-
ronment are detectable with the present sample, and if there are any residual
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Figure 5.13: Figure showing the colour-mass relation for three different envi-
ronmental densities. The grey contours show the number density of points,
the red circles show the MaNGA galaxies and the red dividing line distin-
guishes the red and blue galaxies from Peng et al. (2010). The red fraction
of galaxies is shown in each corresponding panel. All galaxies have a mass
in the range 10 < log(M/M) < 10.9.
dependencies of stellar population gradients on environment, they must be
very subtle.
Morphology-Density Relation
As discussed in Section 1.4 of this thesis, one of the most striking observa-
tional results in the field of galaxy environment is the morphology-density
relation published in Dressler (1980). This relation shows that elliptical
galaxies are preferentially found in high density environments, whereas spi-
rals tend to be found in low density environments. To ensure that the galaxy
sample used in our work adequately samples the distribution of galaxies in
the local universe, we create the ‘MaNGA morphology-density’ relation using
the visual morphologies and Nth nearest neighbour environments derived in
this study. Figure 5.14 shows the relation which was obtained for 8 different
environmental densities.
From Figure 5.14, we see that as the environmental density increases
there is a decline in the fraction of late-type galaxies from roughly 50% (low-
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Figure 5.14: Morphology-density relation derived from the MaNGA galaxy
sample used in this work. In the top panel, the thick lines represent the
morphology density relation for early- (red) and late-type (grey) galaxies
respectively. The bottom panel shows the distribution of environments for
both early- (red) and late-type (grey) galaxies.
est density) to approximately 10% (highest density). The exact opposite
trend is seen for early-type galaxies, whose fraction increases from 50% (low-
est density) to 90% (highest density) as the environmental density increases.
These results are in good qualitative agreement with the trends found in the
literature (Dressler, 1980; Bamford et al., 2009). Additionally, the bottom
panel of Figure 5.14 shows the distribution of environments for both early-
(red) and late-type galaxies (grey). From this we can see that early-type
galaxies tend to be found in denser environments (µ = 0.69) compared to
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late-type galaxies (µ = 0.37), affirming the result mentioned above.
Nonetheless, a more quantitative comparison between our morphology-
density relation to those obtained by Dressler (1980) and Bamford et al.
(2009) does highlight some noticeable differences. First, the fraction of galax-
ies as a function of environment determined in our work is higher for early-
type galaxies and lower for late-type galaxies compared to what was found in
Dressler (1980) and Bamford et al. (2009). At the highest densities however,
this offset disappears and we find excellent agreement between the studies.
Second, at the lowest environmental densities [log(1 + δ) ∼-0.5] the fraction
of both early- and late-type galaxies is ∼50% in our relation. In (Dressler,
1980), this kind of equality is only seen at much higher environmental densi-
ties around log(1 + δ)∼1.0. The discrepancies mentioned above do highlight
a potential issue with the galaxy sample used in this work. They suggest
that our galaxy sample may be biased, and that we have preferentially se-
lected too many early-type and too few late-type galaxies at a given galaxy
environment. This effect is largely caused by the MaNGA surveys selec-
tion criteria for galaxies which is based on a flat mass distribution in i-band
magnitude. The bias in our galaxy sample however should not effect the
results presented in this thesis in any significant way as we have separated
out by mass and morphology when drawing any conclusions. Furthermore,
we have shown in Figures 5.2, 5.6, 5.8, 5.13 that the galaxy sample is capa-
ble of reproducing known trends and adequately represents the SDSS galaxy
distribution, giving us further confidence that the sample selection does not
invalidate our results in any way.
5.4 Discussion
As discussed in Section 1.4, there are a number of studies which show clear
relations between galaxy properties, such as specific star formation rate, and
the environment in which a galaxy resides (Kauffmann et al., 2004; Hogg et
al., 2004; Thomas et al., 2010; Peng et al., 2010). Therefore, it would be rea-
sonable to expect to see an environmental dependence on the inferred radial
gradients presented in this work. Figures 5.9 and 5.10, as well as Table 5.1,
171
show the stellar population gradients obtained for four different environmen-
tal densities using the Nth nearest neighbour method. For both early- and
late-type galaxies, the gradients do not vary much from one environmental
density to another and are in good agreement with the results obtained for
the complete galaxy sample. Figure 5.11, which shows the stellar population
gradients as a function of environment using the mass-dependant parameter
Q, also corroborates this view, as the gradients are relatively homogeneous
across the Q spectrum with no significant deviation. These results suggest
that internal processes, as opposed to external processes, matter most in
determining the stellar population gradients of galaxies. Internal processes
such as AGN feedback have the potential to expel gas from the central region
of a galaxy, halting further chemical enrichment and preventing stellar pop-
ulation gradients from becoming steeper. Supernova feedback in low mass
galaxies can similarly expel gas from a galaxy. Internal dynamical effects,
such as radial migration of stellar material, can flatten out the inferred gra-
dients due to orbital mixing. Due to the dependence of metallicity gradient
on stellar mass, it is likely that a combination of these internal processes
contribute to the development of stellar population gradients in galaxies. In
Kuntschner et al. (2010), a sample of 48 early-type galaxies were classified as
either ‘slow’ or ‘fast’ rotators based upon the projected stellar angular mo-
mentum parameter, λR (Emsellem et al., 2007). They found that low mass
fast rotators follow a trend of steeper metallicity gradient with increasing
galaxy mass, and high mass slow rotators tend to have shallower gradients,
similar to what we observe in our work. Our current study however does not
make any distinction between the kinematic morphologies of galaxies mean-
ing it is not possible to directly compare our results with those of Kuntschner
et al. (2010). Future studies from the MaNGA survey aim to investigate this
relation between internal dynamics and gradients using a much larger galaxy
sample.
The conclusion presented above is intriguing as it is known that galax-
ies in different environments will be exposed to dissimilar external factors.
For example, galaxies living in the densest environments are expected to
undergo more major mergers which can both flatten and regenerate gradi-
ents (White, 1980; Kobayashi, 2004; Hopkins et al., 2009). Additionally, gas
172
can be stripped from the host galaxy due to pressure associated with the
hot intracluster medium, leading to the cessation of star formation (Gunn &
Gott, 1972). Hence, one could assume that there should be some variance in
the gradients when comparing low density and high density environments.
From our results however, we see no clear evidence for any dependence on
environment. In the parallel study of Zheng et al. (2017) the same lack of
environmental dependence was found, agreeing with what is presented here.
They find that disc galaxies have negative age and metallicity gradients, and
elliptical galaxies have flat age gradients and negative metallicity gradients,
qualitatively agreeing with the gradient values presented in this thesis. These
gradient values also remain consistent between the cluster, filament, sheet
and void classification, showing no impact of environment. It is reassuring to
see that a study using different methods, such as environment classification,
full spectral fitting code and stellar population models, can produce similar
conclusions to what is presented in this study.
Another way of investigating environmental effects on stellar population
gradients is to look at the difference between central and satellite galaxies,
as these will be exposed to numerous different physical processes that can
influence their evolution. Figure 5.12 shows the gradients obtained for central
and satellite galaxies as a function of Nth nearest neighbour environmental
density. We find that both central and satellite galaxies have relatively
flat age gradients and negative metallicity gradients. This highlights the
importance of internal properties, as opposed to location in the dark matter
halo, on the inferred radial gradients. Table 5.4 shows the gradient values for
the central and satellite galaxies as a function of four different environmental
densities, and once again, no significant trend of the gradients of central and
satellite galaxies with local environment is present. A study by Brough et al.
(2007) found similar results when investigating a sample of brightest group
galaxies and brightest cluster galaxies.
Our results are also in reasonable agreement with a previous photometric
study by Tortora & Napolitano (2012), who analyse the differences in colour
and stellar population gradients as a function of environment for central and
satellite galaxies from SDSS imaging. They find that in most cases, age
and metallicity gradients generally do not depend on environmental density.
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However, a mild residual dependence of metallicity gradient with environ-
ment is seen for central galaxies only, a pattern not detected here. This mild
residual dependence has also been found in studies by Sánchez-Blázquez et
al. (2006), using 82 galaxies in the coma cluster, and La Barbera et al.
(2011) who used optical and near-infrared colours to study group and field
galaxies. A recent cosmological and chemodynamical simulation by Taylor &
Kobayashi (2017) also appears to find subtle dependencies on environment,
with early- and late-type galaxies in dense environments having flatter metal-
licity gradients. In the future, it will be interesting to see whether such a
residual dependence can be recovered with larger MaNGA galaxy samples
or alternative methodologies.
5.5 Summary
This chapter investigated the impact of galaxy environment on the stellar
population gradients in early- and late-type galaxies from the MaNGA sur-
vey. The methodology introduced in Chapter 4 to derive stellar population
properties and gradients was revisited, and the different environmental indi-
cators used in this chapter, such as the Nth nearest neighbour, tidal strength
parameter Q, and central/satellite classification, were introduced. For the
Nth nearest neighbour and the tidal strength parameter Q, galaxies were
split into four different environmental densities based on the quartiles of the
environment distribution. Distributions of age and metallicity gradients were
found to be independent of environment for both of these methods. K-S tests
were employed to check the validity of this result. Further to this, the galaxy
sample was split into central and satellite galaxies. No difference was found
between the stellar population gradients of these two galaxy classes, and
their gradients were also independent of local density. The results presented
in this chapter suggest that the internal properties of galaxies are more im-
portant in shaping the stellar population gradients of nearby galaxies than
their location in the Universe. In Chapter 6, I will provide the conclusions
of this thesis and discuss future avenues of research.
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Chapter 6
Conclusions
In this thesis, I have attempted to discern the key drivers of galaxy evolution
by investigating the role of stellar mass, morphology, and galaxy environment
on stellar population gradients. This was achieved by harnessing the prodi-
gious amount of information available from IFS and deciphering it using
modern stellar population modelling techniques. I obtained conclusive re-
sults suggesting that a galaxy’s mass and morphology play an important role
in shaping the stellar population gradients in galaxies. A galaxy’s environ-
ment on the other hand, appears to have no notable effect. In Chapter 2 of
this thesis, I introduced the analysis tools that were used to conduct my re-
search, describing the technique of stellar population modelling and present-
ing the newly developed full spectral fitting code FIREFLY. In Chapter 3,
the robustness of FIREFLY was examined using a suite of mock galaxies,
GC data, and galaxies from the SDSS. Furthermore, I applied the code to
MaNGA IFU spectra to create a value added catalogue. In Chapters 4 and
5, I conducted two pieces of scientific analysis investigating how the stellar
population gradients of MaNGA galaxies depend on galaxy mass, type and
environment. In the final sections of this thesis, I will discuss the conclusions
of each chapter and provide future avenues of research using FIREFLY.
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6.1 Testing the Full Spectral Fitting Method
In this chapter, we tested the full spectral fitting code FIREFLY (Wilkin-
son et al., 2015; Wilkinson et al., 2017). The code was designed to recover
stellar population properties and star formation histories of galaxies by fit-
ting stellar population models to data. I assessed the performance of the
code through a comprehensive set of tests, using a large suite of mock galax-
ies representing both simple and complex star formation histories, GC data
(Schiavon et al., 2005) and galaxies from the SDSS (Abazajian et al., 2009).
For the mock galaxies, I produced synthetic galaxy spectra based on the
Maraston & Strömbäck (2011) models using the MILES library (Sánchez-
Blázquez et al., 2006) and a Salpeter (1955) IMF, replicating a wide range
of S/N thresholds through Monte Carlo simulations. The models covered a
wide range of star formation histories, ages, and dust values with the sole
intention of determining how errors in age, metallicity, mass and dust vary as
a function of S/N . This information is essential in understanding potential
limitations of the code.
For SSPs with no dust, FIREFLY recovers properties with excellent ac-
curacy down to a S/N ≥ 10. This is also true for the more complex CSPs
with no dust. At the lowest S/N thresholds however, the age-metallicity
degeneracy kicks in for intermediate age populations (1-3 Gyr). Neverthe-
less, this effect does disappear with increasing S/N . Errors on the recovered
properties increase as τ increases, which is expected as more degeneracies
can creep into the solutions. For τ models including dust, properties are
recovered well at both S/N = 5 and 20, independent of τ , for the lowest two
dust values. Higher dust yields more complexity, and FIREFLY struggles to
accurately recover the ages of the youngest populations, usually overestimat-
ing age and underestimating dust and metallicity. This effect is amplified
with increasing τ . For the highest dust value, E(B − V ) = 0.75, dust is
always underestimated by FIREFLY. This is something that future devel-
opments of the code will need to address. The reconstructed SFHs output
by FIREFLY show that the code can clearly distinguish between young and
old populations, and their corresponding decay times. The accuracy of this
does degrade somewhat with increasing dust and longer τ .
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In addition to mock galaxies, I analysed GC data from Schiavon et al.
(2005) which have independent determinations of their stellar population
properties. Despite the differences in methodology, the ages and metallici-
ties determined by FIREFLY were found to be in good qualitative agree-
ment with those derived from CMD fitting and stellar spectroscopy. As
a final piece of analysis, I used FIREFLY to fit Maraston & Strömbäck
(2011) models based on three different template libraries [MILES (Sánchez-
Blázquez et al., 2006), STELIB (Le Borgne et al., 2003) and ELODIE
(Prugniel et al., 2007)] to galaxies from the SDSS DR7. The three template
libraries all produced very similar χ2Red values (1.27, 1.25, and 1.28), sug-
gesting analogous quality of fit. Yet, the properties derived for the galaxy
population were very different, with STELIB giving a much broader range of
ages and smaller range of metallicities compared to MILES and ELODIE.
The light-weighted properties derived using the M11 STELIB models were
then compared to those obtained by STARLIGHT (Cid Fernandes et al.,
2005) using the STELIB based Bruzual & Charlot (2003) models. The
derived metallicities were found to be in good agreement, with a median
difference and scatter of µX−Y = −0.07 and σX−Y = 0.25. The derived ages
exhibited significant differences however, with STARLIGHT giving younger
ages for young stellar populations leading to a median difference and scat-
ter of µX−Y = −0.23 and σX−Y = 0.20, respectively. This suggests that
STARLIGHT is either more sensitive to small star formation episodes, or
that BC03 models fit for younger ages compared to M11 models. The re-
sults obtained in this chapter demonstrate that FIREFLY can derive stellar
population properties accurately across a wide range of S/N , dust values,
and star formation histories. These tests should provide confidence to the
scientific community regarding the use of the code in future spectroscopic
studies.
Lastly, I introduced the MaNGA FIREFLY VAC which was released
to the general public as part of the SDSS DR14 (Blanton et al., 2017).
The VAC contains spatially resolved stellar population measurements for
2777 galaxies from the MaNGA survey (Bundy et al., 2015). The IFU
data was processed by the MaNGA DRP (Law et al., 2016a) and DAP
(Westfall, et al., in prep) to produce data cubes in which cells are merged
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through the Voronoi binning algorithm of Cappellari & Emsellem (2004) to a
minimum S/N = 10. The stellar population measurements were obtained in
two separate ways. First, I fit the models of Maraston & Strömbäck (2011)
based on the MILES stellar library (Sánchez-Blázquez et al., 2006) and a
Kroupa (2001) IMF, to the Voronoi binned spectra using FIREFLY, in order
to derive light- and mass-weighted ages, metallicities, dust and stellar mass.
Secondly, I calculated 28 absorption indices on the same binned spectra
using an integration code that I developed. Other global properties such as
radial gradients and integrated quantities were also included in the VAC.
The ability of FIREFLY to accurately recover stellar population properties
was shown above using mock galaxies, GCs and data from the SDSS. To test
the robustness of my absorption index code, I compared my results to those
obtained by the MaNGA DAP. Overall, there is good correlation between the
results, with a derived Spearman’s rank correlation coefficient of ≥0.58 for
the indices being compared. The scatter between the measurements is almost
non-existent with µX−Y∼0.01Å. Overall, the VAC offers stellar population
products that are of high quality and can be immediately implemented into
scientific studies.
6.2 Spatially resolved star formation histories in
galaxies as a function of galaxy mass and type
Next generation IFU surveys such as MaNGA (Bundy et al., 2015), offer un-
precedented insights into the spatially resolved properties of galaxies, provid-
ing both high-quality data and a superior statistical sample. In this chapter,
we studied both the internal gradients of stellar population properties (age,
metallicity, dust) and the spatially resolved star formation histories of 721
primary sample galaxies taken from the first year of MaNGA observations,
with galaxy masses ranging from 109 M to 1011.5 M. The IFU data was
processed by the MaNGA DRP (Law et al., 2016a) and DAP (Westfall, et
al., in prep) to produce data cubes in which cells are merged through the
Voronoi binning algorithm of Cappellari & Emsellem (2004) to a minimum
S/N = 5. The galaxy sample was split into 505 early- and 216 late-type
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galaxies based upon Galaxy Zoo classifications (Lintott et al., 2011). The
stellar population models of Maraston & Strömbäck (2011), based on the
MILES stellar library (Sánchez-Blázquez et al., 2006) and a Kroupa (2001)
IMF, were fit to data using FIREFLY (Wilkinson et al., 2015; Wilkinson
et al., 2017) in order to derive stellar population parameters and star for-
mation histories. Very importantly, both light- and mass-weighted average
stellar population properties were considered, which is key to understand-
ing the true physical formation histories. The median error on age and
metallicity at the minimum threshold of S/N = 5 is 0.28 dex and 0.23 dex,
respectively, with a range of scatter up to 0.5 dex. The resulting typical er-
rors in age and metallicity at ∼1.5 Re are 0.06 dex and 0.07 dex, respectively,
and even lower at smaller radii. The median errors in age and metallicity
gradient are 0.05 dex and 0.07 dex, respectively. The dependence of stellar
population measurements, both on the spectral fitting technique and the un-
derlying stellar population model, was investigated by comparing the results
obtained in this thesis for 30 galaxies with those obtained by another full
spectral fitting code STARLIGHT (Cid Fernandes et al., 2005), using both
Maraston & Strömbäck (2011) and Bruzual & Charlot (2003) models. Sig-
nificant systematic offsets and large scatter was detected in this comparison,
similar to what was previously seen in Chapter 3. The effect of beam smear-
ing was investigated by studying possible correlations of stellar population
gradient on the radial extent to which it is measured, using galaxies from
the secondary MaNGA sample. No obvious correlation was found to exist
and thus the effect beam smearing on the radial gradients is negligible.
In the analysis of stellar population parameters as a function of radius, we
found that early-type galaxies generally exhibit shallow light-weighted age
gradients in agreement with the literature. However, the mass-weighted age
does show some radial dependence with positive gradients (∼0.1 dex/Re)
at all galaxy masses pointing to an ‘outside-in’ progression of star forma-
tion. Late-type galaxies, instead, have negative light-weighted age gradients
(∼-0.1 dex/Re) in agreement with the literature and observations. Mass-
weighted age gradients are flat however, suggesting that any excess of star
formation in the outskirts of galaxy discs compared to the centre must be
small and does not contribute significantly to the overall mass budget. Metal-
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licity gradients are generally negative for both early- and late-type galaxies
at all masses, but these are significantly steeper in late-types. Very inter-
estingly, we found that in late-type galaxies the light-weighted metallicities
are systematically larger than the mass-weighted ones by about ∼0.35 dex,
which is the direct consequence of ongoing chemical enrichment producing
young metal-rich stellar populations. These findings show that the radial de-
pendence of chemical enrichment processes and the effect of gas inflow and
metal transport are far more pronounced in discs than they are in spheroids.
The latter appear to be significantly affected by merging processes rearrang-
ing the radial distribution of stellar populations.
We further presented resolved star formation and metal enrichment his-
tories as a function of galaxy type, mass and radius. These showed even
more clearly that the outermost regions of early-type galaxies are dominated
by old stellar populations (t∼10 Gyr), while a component of intermediate-
age (t'3 Gyr), metal-rich populations are present in the centre suggesting
‘outside-in’ formation. In late-type galaxies, young, metal-rich populations
were observed at all masses and all radii. A well-defined age-metallicity
relation was detected with old, metal-poor and young, metal-rich popula-
tions, similar to what is observed in the Milky Way. There is mild evidence
for ‘inside-out’ formation with some small excess of recent star formation
activity at large radii.
Lastly, we investigated the dependence of stellar population gradients
on galaxy mass, and found that age gradients generally do not correlate
with galaxy mass, both for early- and late-type galaxies. This is different
for metallicity gradients. The metallicity gradients of early- and late-type
galaxies clearly depend on galaxy mass, with the negative metallicity gradi-
ents becoming steeper with increasing galaxy mass. They range from ∼0 to
∼−0.5 dex/Re in late-types depending on galaxy mass. The correlation with
mass is stronger for late-type galaxies with a slope of d(∇[Z/H])/d(log M)∼−
0.2± 0.05 . Early-type galaxies, instead, have metallicity gradients ranging
from ∼0 to ∼− 0.2 dex/Re, and the correlation with mass is weaker, with a
slope of d(∇[Z/H])/d(log M)∼ − 0.05 ± 0.05 . These results suggest that a
galaxy’s mass is crucial in determining the metallicity distribution of stellar
populations in a galaxy. In Section 1.5 and Table 1.1, we introduced a num-
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ber of galaxy formation and evolution scenarios that can shape the stellar
population gradients in early-type galaxies. The flat/positive age gradients
found in this work are in good agreement with all three scenarios1, namely
monolithic collapse, major mergers, and satellite accretion. However, the
observed negative metallicity gradient in early-type galaxies helps discrimi-
nate between these scenarios. The logarithmic metallicity gradients shown
in Appendix B are much flatter than what is predicted by simple monolithic
collapse models alone (Larson, 1974; Kawata, 2001; Kobayashi, 2004; Pipino
et al., 2008; Pipino et al., 2010). Conversely, the gradients are too steep
to be produced via galaxy merging alone, which is known to produce flat
gradients (Bekki & Shioya, 1999; Kobayashi, 2004; Di Matteo et al., 2009).
On the other hand, satellite accretion produces relatively flat age gradients
and slightly negative metallicity gradients agreeing well with the picture pre-
sented in this work. The dependence of metallicity gradient on stellar mass
is only predicted by the monolithic collapse scenario, hence a combination
of the aforementioned scenarios would be needed to produce the observed
stellar population gradients in the MaNGA galaxy sample.
6.3 Stellar population gradients as a function of
galaxy environment
Modern observational studies have shown that certain galaxy properties are
linked to the density field in which a galaxy resides. In this chapter, we
investigated the dependence of stellar population gradients within 1.5 Re on
galaxy environment, for a representative sample of 721 galaxies taken from
the first year of MaNGA observations (Bundy et al., 2015), with masses
ranging from 109 M to 1011.5 M. The sample was split into 505 early-
and 216 late-type galaxies based on Galaxy Zoo classifications (Lintott et
al., 2011). Stellar population properties and gradients were derived in the
same way as Chapter 4. We determined a galaxy’s environment in three
separate ways, using the Nth nearest neighbour, tidal strength parameter,
1In theoretical scenarios, age and metallicity gradients are measured in units of loga-
rithmic radius, e.g. dex per radius dex.
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Q, and splitting between central and satellite galaxies. For the Nth nearest
neighbour, I chose N = 5 and employed a redshift window of ±∆zc = 1000
km/s to construct a cylindrical volume around the galaxy. When distin-
guishing between centrals and satellites, centrals were defined as the most
massive and luminous galaxies in the dark matter halo. From the galaxy
sample, we classified 478 central and 243 satellite galaxies. The distribution
of environments obtained using the Nth nearest neighbour method for the
MaNGA sample was compared to a control sample of SDSS DR12 galaxies
(Alam et al., 2015), finding good agreement. In addition to this, the sample
had a comparable satellite fraction to the MaNGA parent sample and the
one calculated in Yang et al. (2007).
Galaxies were split into four different local environmental densities based
on quartiles of the environment distribution. For the Nth nearest neighbour,
distributions of age and metallicity gradients turned out to be indistinguish-
able across the different environments, suggesting no correlation between
stellar population gradient and local density. K-S tests were conducted
to further confirm this result for both early- and late-type galaxies. This
analysis was then repeated using the tidal strength parameter, Q. This
mass-dependent measure of environment yielded similar results and the gra-
dients were found to be indistinguishable across the different environments.
Galaxies were then further split and classified as either a central or satel-
lite. The light- and mass-weighted age and metallicity gradients were very
similar for both classifications, and did not significantly vary across different
environments. This analysis strongly suggests that galaxy environment has
no significant effect on the age or metallicity gradients of both early- and
late-type galaxies within 1.5 Re. This result is interesting as a number of
the galaxy formation scenarios introduced in Section 1.5 suggest that there
should be a dependence of gradient on environment. In addition to this,
external environmental effects such as tidal stripping, galaxy harassment,
and ram pressure stripping should affect the distribution of gas in a galaxy
and thus the inferred gradients of stellar population properties. Our find-
ings suggest that the effect of environment must be incredibly subtle, and
the internal processes such as AGN feedback are the most pertinent factor
in shaping the stellar population gradients in galaxies.
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6.4 Future Work
The size of the MaNGA galaxy samples used in Chapters 3, 4 and 5 are still
relatively meagre compared to final sample of 10,000 galaxies that will be
observed by 2020. A natural next step would be to extend my analysis to the
full MaNGA sample. Not only would the larger statistics put constraints on
the results presented in this thesis, it would also provide the opportunity to
split galaxies into distinct Hubble types, such as Sa, Sb, Sc, Sd, using tech-
niques akin to Nair & Abraham (2010) and González Delgado et al. (2015).
Studying the gradients of different Hubble types, and their possible environ-
mental dependence, would allow us to further investigate the evolutionary
pathways shaping different morphologies through cosmic time.
Future work is needed to explain the physical causes of the stellar pop-
ulation gradients found in Chapters 4 and 5. This could be done by direct
comparison to galaxy simulations, or using detailed IFU observations to
decipher the internal content of galaxies. First, modern N-body and hydro-
dynamic simulations that include both dark matter and baryons, such as the
EAGLE simulation (Crain et al., 2015), offer incredibly exciting prospects
for future comparisons. The EAGLE simulation contains ∼15043 particles
in a 100 comoving Mpc box, which is large enough to contain 10,000 galax-
ies of the size of the Milky Way or bigger. It also attempts to incorporate
environmental effects, such as ram pressure and tidal stripping. The sim-
ulation has high resolution, enabling the possibility to derive gradients in
galaxies over a wide range of masses and environments. Secondly, it has
been recently shown that local relations in galaxies are important in shap-
ing global properties (Sánchez et al., 2013; González Delgado et al., 2014;
Barrera-Ballesteros et al., 2016). Using MaNGA (Bundy et al., 2015), or
even higher resolution IFU data such as MUSE (Bacon et al., 2006), one
can study the dependence of age and metallicity on local properties such as
surface mass density, star formation rate, and stellar dynamics. Quantifying
such correlations would prove valuable to understanding important internal
drivers of stellar population gradients in a galaxy. I have already started
investigating such topics and my results will disseminated in a forthcoming
paper.
183
Finally, as shown in Chapter 3, the full spectral fitting code FIREFLY
has tremendous potential to be used on a wide range of spectroscopic data.
In the coming decade, new ground- and space-based telescopes will allow us
to probe the Universe like never before, and thus making their datasets clear
candidates to analyse. WEAVE (Balcells et al., 2010; Dalton et al., 2012)
is a 1000 fiber multi-object spectrograph with IFU capabilities that will be
based on the 4.2-m William Herschel telescope in La Palma. The instrument
aims to be fully operational by mid-2018 and will observe galaxies over a 3.1
deg2 FoV, providing high spectral resolution data (R∼5000) across a large
wavelength range (3700-10000Å). Surveys such as StePS (Stellar Popula-
tions at intermediate redshift Survey) plan to use WEAVE to observe 40,000
galaxies at 0.3 < z < 0.7, complementing the observational progress made
by previous spectroscopic surveys such as the SDSS. MOONS (Cirasuolo et
al., 2014) is also a multi-object spectrograph, which, from 2019, will be lo-
cated on the 8.2-m Very Large Telescope (VLT) in Chile. The spectrograph
will consist of 1000 fibers, providing spectral coverage over both a medium
and high resolution wavelength channel. The medium resolution channel will
observe an incredible ∼1 million galaxies at z > 1, spanning the wavelength
range 6400-18000Å with a spectral resolution of R∼4000. The high resolu-
tion observations (R∼9000) will be used for studies into the dynamics and
chemical abundances of stars in the Milky Way.
Arguably the most exciting ground-based spectrograph in upcoming years
is MOSAIC (Hammer et al., 2014), which will be hosted on the 39-m Eu-
ropean Extremely Large Telescope (E-ELT) in Chile. The instrument will
have three operating modes, namely a high multiplex mode covering both
the visible (4500-8000Å) and near-infrared (8000-18000Å), and a high defini-
tion mode which will provide spatially resolved spectroscopy with exquisite
spatial sampling of 0.2′′ over a large wavelength range (8000-18000Å). The
collecting power of the E-ELT, coupled with the multi-object spectroscopic
capabilities of MOSAIC, means that hundreds of high-redshift objects can
be observed in a few hours. First light is planned in 2024. As also al-
luded to above, space-based telescopes such as EUCLID (Laureijs et al.,
2011) and JWST (Gardner et al., 2006) will also provide exciting sets of
data to analyse. EUCLID aims to obtain 5 × 107 spectroscopic redshifts
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of galaxies in the redshift range 0.5 < z < 2, providing a large statistical
sample, albeit mostly for cosmological applications. The James Webb Space
Telescope (JWST) contains four different instruments, with one being an
infrared spectrograph called NIRSpec, providing multi-object spectroscopy,
IFS (spatial sampling ∼0.1′′) and slit spectroscopy over a variable wave-
length range of 6000-53000Å. The amalgamation of statistical power, large
redshift coverage, and high-quality data coming from the surveys mentioned
above provides exciting opportunities for scientific insight. The high redshift
data will likely be of low S/N , and I have shown in this thesis that FIREFLY
can reliably determine stellar population properties in such regimes. Given
this knowledge, one could use the power of these future surveys to study
the redshift evolution of the mass-metallicity relation (MZR) of galaxies as
a function of environment.
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Appendix A
Morphology-Colour and
Colour-Density Relations
As an additional sanity check that the galaxy sample used in Chapters 4
and 5 are representative of the local galaxy population, we plot both the
morphology-colour relation and the colour-density relation in Figures A.1
and A.2, respectively. First, in Figure A.1 we see that late-type galaxies are
the dominant fraction of the bluest colours (NUV -r ≤ 2), whereas early-type
galaxies dominate the reddest colours (NUV -r ≥ 4). This is as expected
as the star formation rate is higher in late-type galaxies leading to their
bluer appearance (Kennicutt, 1998). Around NUV -r = 3, the fraction of
early- and late-types reaches equality which can be seen in Figure 4.1 as
the transition into the ‘green valley’ galaxy population. The Colour-Density
relation in Figure A.2 shows that the more massive galaxies tend to be
redder, with the peak of the data points in the lowest mass bin (left panel)
centred around NUV -r = 3 and the peak in the highest mass (right panel)
centred around NUV -r = 6. In addition to this, we can also see that the
reddest galaxies live in the densest environments, similar to what was found
in (Hogg et al., 2004). Finally, we see a slight shift in the distribution of
galaxy environment as a function of mass, in the sense that more massive
galaxies live in denser environments. This mass-environment relation was
found in Baldry et al. (2006) and already highlighted in Chapter 5 of this
thesis.
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Figure A.1: Morphology-colour relation for the MaNGA galaxy sample. Red
and grey circles represent the early- and late-type galaxy samples, respec-
tively. Colours are taken from the Nasa Sloan Atlas catalogue (NSA, Blanton
et al., 2005).
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Figure A.2: Colour-density relation as a function of mass for the MaNGA
galaxy sample used in this thesis (red circles). The grey contours show the
Kernel Density Estimation of the distribution of points.
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Appendix B
Logarithmic Stellar Population
Gradients
A number of studies discussed in Chapter 4 of this thesis have used slightly
different conventions when measuring the radial gradients of stellar popula-
tion properties (see Table 4.5). In our work, we measured the radial gradient
in units of linear radius, R/Re, however a significant number of the afore-
mentioned studies opted to use logarithmic radius, log(R/Re), instead.
Initially, we did adopt the logarithmic radius convention for measuring
gradients however due to large emphasis that logarithmic units place on the
most central spaxels (which are most likely to be affected by beam smearing
in MaNGA data) we decided to work in linear units. We use the gradients
derived using logarithmic radius (e.g. in units of dex per radius dex) in
Chapter 4 when comparing to literature. As can be seen below, the metallic-
ity gradients of early-type galaxies become slightly steeper when measured in
logarithmic radius compared to linear, however the gradients are still much
shallower than what had been found in previous studies.
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Figure B.1: Figure showing the light- and mass-weighted stellar popula-
tion gradients in age (left-hand panels), metallicity (right-hand panels) and
E(B−V ) (bottom centre) for early-types as a function of galaxy mass. The
orange line is a linear fit, with the slope and its error in the legend of each
panel. The right-hand sub-panels show the distribution of the gradients.
The median value µ for each distribution is also quoted in the legend.
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Figure B.2: Figure showing the light- and mass-weighted stellar popula-
tion gradients in age (left-hand panels), metallicity (right-hand panels) and
E(B − V ) (bottom centre) for late-types as a function of galaxy mass. The
orange line is a linear fit, with the slope and its error in the legend of each
panel. The right-hand sub-panels show the distribution of the gradients.
The median value µ for each distribution is also quoted in the legend.
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Appendix C
VAC data model
In the table below, I provide the basic data model for the MaNGA FIREFLY
VAC describing the dimensionality of each extension in the file, and its data
type. The main file is located at theDR14 FIREFLY VAC webpage and the
global properties derived in the catalogue (extensions 1-3) can also be found
on the SDSS Catalogue Archive Server (CAS), which provides a querying
platform for catalogue matching. Lastly, three reduced VAC files can be
found at the Institute of Cosmology & Gravitation VAC webpage. These
files only contain the following pieces of analysis:
(i) manga-firefly-v2_1_2-GLOBALPROP.fits: A minimal data table (∼760
kilobytes) including global properties (i.e. 3′′ quantities), stellar pop-
ulation gradients and the associated errors (located in extensions 1-3
of the VAC).
(ii) manga-firefly-v2_1_2-STELLARPOP.fits: A medium sized data ta-
ble (∼560 megabytes) including maps of stellar population parameters
derived from FIREFLY and their associated errors (located in exten-
sions 1-12 of the VAC).
(iii) manga-firefly-v2_1_2-INDICES.fits: A large data table (∼2.7 giga-
bytes) including maps of the 28 stellar absorption indices derived from
the integration code discussed in Section 3.6 (located in extensions 1-
4, and 12-40 of the VAC). Includes the derived properties, associated
errors and velocity dispersion corrections.
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Table C.1: Table describing the data model for the MaNGA FIREFLY
stellar populations VAC fits file (manga-firefly-v2_1_2.fits).
Extension Keyword Type Dimensions Data Types
1 GALAXY INFO Binary Table 2777R x 11C strings, integers, floats
2 GLOBAL PARAMETERS Binary Table 2777R x 11C float32
3 GRADIENT PARAMETERS Binary Table 2777R x 11C float32
4 SPATIAL INFO ImageHDU (4, 2800, 2777) float32
5 LW AGE VORONOI ImageHDU (2, 2800, 2777) float32
6 MW AGE VORONOI ImageHDU (2, 2800, 2777) float32
7 LW Z VORONOI ImageHDU (2, 2800, 2777) float32
8 MW Z VORONOI ImageHDU (2, 2800, 2777) float32
9 E(B − V ) VORONOI ImageHDU (2, 2800, 2777) float32
10 STELLAR MASS VORONOI ImageHDU (2, 2800, 2777) float32
11 SURFACE MASS DENSITY VORONOI ImageHDU (2, 2800, 2777) float32
12 SIGNAL NOISE VORONOI ImageHDU (2800, 2777) float32
13 D4000 INDEX ImageHDU (3, 2800, 2777) float32
14 DN4000 INDEX ImageHDU (3, 2800, 2777) float32
15 CAHK INDEX ImageHDU (3, 2800, 2777) float32
16 HDELTA A INDEX ImageHDU (3, 2800, 2777) float32
17 HDELTA F INDEX ImageHDU (3, 2800, 2777) float32
18 CN1 INDEX ImageHDU (3, 2800, 2777) float32
19 CN2 INDEX ImageHDU (3, 2800, 2777) float32
20 CA4227 INDEX ImageHDU (3, 2800, 2777) float32
21 G4300 INDEX ImageHDU (3, 2800, 2777) float32
22 HGAMMA A INDEX ImageHDU (3, 2800, 2777) float32
23 HGAMMA F INDEX ImageHDU (3, 2800, 2777) float32
24 FE4383 INDEX ImageHDU (3, 2800, 2777) float32
25 CA4455 INDEX ImageHDU (3, 2800, 2777) float32
26 FE4531 INDEX ImageHDU (3, 2800, 2777) float32
27 C24668 INDEX ImageHDU (3, 2800, 2777) float32
28 H BETA INDEX ImageHDU (3, 2800, 2777) float32
29 FE5015 INDEX ImageHDU (3, 2800, 2777) float32
30 MG1 INDEX ImageHDU (3, 2800, 2777) float32
31 MG2 INDEX ImageHDU (3, 2800, 2777) float32
32 MGB INDEX ImageHDU (3, 2800, 2777) float32
33 FE5270 INDEX ImageHDU (3, 2800, 2777) float32
34 FE5335 INDEX ImageHDU (3, 2800, 2777) float32
35 FE52406 INDEX ImageHDU (3, 2800, 2777) float32
36 FE5709 INDEX ImageHDU (3, 2800, 2777) float32
37 FE5782 INDEX ImageHDU (3, 2800, 2777) float32
38 NAD INDEX ImageHDU (3, 2800, 2777) float32
39 TI01 INDEX ImageHDU (3, 2800, 2777) float32
40 TI02 INDEX ImageHDU (3, 2800, 2777) float32
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Appendix D
Emission Line List
In the table below, I provide the list of emission lines that can be masked
when using FIREFLY. The wavelength of each emission line is expressed in
units of Å.
Table D.1: Table showing the wavelength of emission lines that can be
masked in FIREFLY.
I Name λ(Å)
1 [OII] 3726.030
2 [OII] 3727.200
3 [OII] 3728.730
4 Hδ 4101.730
5 Hγ 4340.460
6 Hβ 4861.320
7 [OIII] 4958.830
8 [OIII] 5006.770
9 [NII] 6547.960
10 Hα 6562.800
11 [SII] 6716.310
12 [SII] 6730.680
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Appendix E
Absorption Index List
In the table below, I provide the list of indices that are used for the MaNGA
FIREFLY VAC as discussed in Appendix C. The table contains the bound-
aries of their features, denoted Fb and Fr, and the boundaries of the blue
and red pseudo-continua, given by Bb, Br, Rb and Rr, respectively. All
boundaries are expressed in units of Å.
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Table E.1: Table showing the minimum and maximum passbands for the
index, and the flanking blue and red pseudo-continuua, for all the absorption
indices provided in the FIREFLY VAC.
I Name Fb Fr Bb Br Rb Rr
λ(Å) λ(Å) λ(Å) λ(Å) λ(Å) λ(Å)
1 D4000 3750.000 3950.000 4050.000 4250.000
2 Dn4000 3850.000 3950.000 4000.000 4100.000
3 CaHK 3899.500 4003.500 3806.500 3833.800 4020.700 4052.400
4 HδA 4083.500 4122.250 4041.600 4079.750 4128.500 4161.000
5 HδF 4091.000 4112.250 4057.250 4088.500 4114.750 4137.250
6 HγA 4319.750 4363.500 4283.500 4319.750 4367.250 4419.750
7 HγF 4331.250 4352.250 4283.500 4319.750 4354.750 4384.750
8 CN1 4142.125 4177.125 4080.125 4117.625 4244.125 4284.125
9 CN2 4142.125 4177.125 4083.875 4096.375 4244.125 4284.125
10 Ca4227 4222.250 4234.750 4211.000 4219.750 4241.000 4251.000
11 G4300 4281.375 4316.375 4266.375 4282.625 4318.875 4335.125
12 Fe4383 4369.125 4420.375 4359.125 4370.375 4442.875 4455.375
13 Ca4455 4452.125 4474.625 4445.875 4454.625 4477.125 4492.125
14 Fe4531 4514.250 4559.250 4504.250 4514.250 4560.500 4579.250
15 Fe4668 4634.000 4720.250 4611.500 4630.250 4742.750 4756.500
16 Hβ 4847.875 4876.625 4827.875 4847.875 4876.625 4891.625
17 Fe5015 4977.750 5054.000 4946.500 4977.750 5054.000 5065.250
18 Mg1 5069.125 5134.125 4895.125 4957.625 5301.125 5366.125
19 Mg2 5154.125 5196.625 4895.125 4957.625 5301.125 5366.125
20 Mgb 5160.125 5192.625 5142.625 5161.375 5191.375 5206.375
21 Fe5270 5245.650 5285.650 5233.150 5248.150 5285.650 5318.150
22 Fe5335 5312.125 5352.125 5304.625 5315.875 5353.375 5363.375
23 Fe5406 5387.500 5415.000 5376.250 5387.500 5415.000 5425.000
24 Fe5709 5696.625 5720.375 5672.875 5696.625 5722.875 5736.625
25 Fe5782 5776.625 5796.625 5765.375 5775.375 5797.875 5811.625
26 NaD 5876.875 5909.375 5860.625 5875.625 5922.125 5948.125
27 TiO1 5936.625 5994.125 5816.625 5849.125 6038.625 6103.625
28 TiO1 6189.625 6272.125 6066.625 6141.625 6372.625 6415.125
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Appendix F
Radial Gradient Nomenclature
In Table 4.5, there are a number of studies that use specific details to describe
their gradient measurements. For ease of reading, I list them here:
(i) In González Delgado et al. (2015), HLR is the half-light radius. This
is the radius at which half of the light of a galaxy is emitted.
(ii) In Morelli et al. (2012), the analysis is focused on the disk dominated
region between rd95, which is the radius where the disk contributes
more than 95% of the galaxy surface brightness, rLast, which is the
farthest radius where the signal-to-noise is sufficient to measure the
properties of the stellar populations.
(iii) In Sánchez-Blázquez et al. (2014), rDisk corresponds to the radius at
which the light starts being dominated by the disk.
196
Appendix G
UPR16 Form
Figure G.1: UPR16 form
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Appendix H
Ethical Review Form
Figure H.1: Ethical Review form
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